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1.0 


SUMMARY 


This report covers the investigations performed to evaluate a graphite /epoxy 
metering truss as applied to the Large Space Telescope (LST). A full-scale 
truss was designed, fabricated and tested. Tests Included static limit load- 
ings, a modal survey and thermal-vacuum distortion evaluation. The roost 
critical requirement was the demonstration of the dimensional stability pro- 
vided by the graphite /epoxy truss concept. Crucial to the attainment of this 
objective was the ability to make very sophisticated thermal growth measure- 
ments which was provided by a seven beam laser interferometer. 

The full-scale truss was approximately 7.22 meters (23.7 feet) high and 3.35 
meters (11 feet) in diameter. It consisted of a three bay configuration with 
a secondary mirror support assembly at the top (Figure 1-1). The truss was 
designed to minimize cost by standardization and repetitive use of its basic 
elements. All tubular struts were identical and all rings, spider beams and 
Joints were the same. The designs of the basic truss elements %#ere tuned to 
provide the high degree of dimensional stability and stiffness required by 
the truss. The struts and spider assembly were fabricated with Fiberlte's 
AS/934 and HMS/934 broadgoods. The rings utilized T300 graphite fabricate 
with the same, materials. The predicted performance of the truss was developed 
using the NASTRAN program. These results showed conformance with the critical 
stiffness and thermal distortion requirements and correlated well with the 


test results 


The predicted truss performance determined by the NASTRAN analysis was supported 

by substantial element testing. The Inputs to the analysis were provided by 

highly sophisticated testing and measuring techniques. Mlcroyleld tests were 

performed to provide element strength and stiffness characterizations. 

Measurements %«re made with matched linear differential transformers with the 
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capability of measuring to 2. 54 x 10 cm (10 Inches). Coefficient of 
thermal expansion (CTE) tests were performed on 91.4 cm (36 Inches) long truss 
elements. Measurements were made with a multl~beam laser Interferometer with 
a 7.87 X 10 ^ cm (3.1 x 10 ^ Inch) measurement resolution. Some of the truss 
element designs were finalized using the results cl these tests for final 
tuning. 

After fabrication, the full-scale truss was static tested. Limit loads were 
applied axially. In bending and In torsion. The truss carried these loads with 
little difficulty. 

The truss was then dynamically tested. A secondary mirror mass simulation of 
56.7 kg (125 lbs) was Installed In the spider mounting assembly. The truss 
was fixed at Its base and tested In the cantilevered configuration. A first 
mode resonant bending frequency of 16.2 Hz was measured. This was In excess 
of the 15 Hz minimum design requirement. 

The final full-scale test consisted of a thermal-vacuum distortion test. The 
truss was Instrumented using resistant heaters, thermocouples and a seven-beam 
laser Interferometer and associated retroref lectors. The truss was placed In 
a vacuum chamber and allowed to stabilize under vacuum. Liquid nitrogen %«as 
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to establish an Initial service temperature distribution. After the control 


thermocouples had attained target temperatures, the truss was allowed to soak 
several more hours until the Interferometer readings stabilized. The truss 
temperatures were then raised 5.5S*C (10*F). Truss dlaenslonal changes 
resulting from the temperature change were obtained with the laser Interferometer. 
An additional test ^ i which tho temperatures were perturbated laterally was 
performed using the same procedures. In all cases the truss dimensional 
. changes were tflthln the design despace, decenter and tilt budgets. 


Primary units used In this report are In the international system of units 
which are followed by U.S. customary units In parenthesis. 
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2.0 


INTRODUCTION 


NASA-MSFC is developing a double mirror (Cassegralnlan) Large Space Telescope 
(LST) to be placed In earth orbit by the Space Shuttle. Critical to the 
successful operation of this telescope Is the dlmenaloual stability of the 
structural assembly (metering structure) supporting the primary and secondary 
mirrors while undergoing mission temperature changes. Figure 2-1 plctorially 
shows the LST shortly after being released from the Space Shuttle and Figure 
2-2 a cut-away view shewing the location of the metering structure. 

The objective of this program was to evaluate a metering structure design 
which utilized a graphlte/epoxy truss concept. It was essential that this 
structure maintain an alignment of the telescope mirrors within extremely 
closed tolerances throughout the period of observation. During this period 
the telescope Is subjected to significant temperature changes. This dictates 
the use of materials that can provide coefficients of thermal expansion (GTE) 
that are close to zero. The graphlte/epoxy material systems can be designed 
to provide this unique character Irtlc. These materials are also Ideal for 
this application since structural stiffness Is critical. The truss conflgura- 
tlun Is one of the prime candidates for the metering structure. In addition 
to being structurally efficient Its load paths are well defined and therefore 
It lends Itself to accurate analysis. The majority of the parts were highly 
repetitive resulting In very cost effective manufacturing. 

During the design phase oi this program the LST optics were based on using a 
3 meter diameter primary mirror. The metering truss evaluated In this pro- 
gram was also sized to support the same diameter mirror. A full size metering 
truss, approximately 7.2 m (24 ft) high and 3.3m (11 ft) In diameter, was 
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fabrlca^^^l and tested. The full size geometry was selected because predicted 
associated fabrication and testing costs fell within a reasonable budget and 
this eliminated the use of complex scaling relationships. The full scale truss 
was tested and the results were applied directly In its evaluation. 


This program was performed In four phases during the period from February 25, 
197A to December 31, 1975. The four phases were: 


Phase I 
Phase II - 
Phase III - 
Phase IV - 


Design and Fabrication 
Full-Scale Test and Evaluation 
Cyclic and Creep Element Tests 
Reporting. 


In Task I of Phase I several tasks were accomplished. Candidate graphite/ 
epoxy truss materials were reviewed and a selection made early In the program. 
Several of the materials we felt could have successfully met the design 
requirements. Those selected from this group were those In which we had the 
largest Boeing In-house data base and also greatest amount of manufacturing 
experience. These materials were Flberlte 1334A (H-MS/934), Flberlte 1334C 
(A-S/934), Flberlte HMF330C/34 (graphite /epoxy fabric), and a room temperature 
curing adhesive, Lefkoweld Type 109. Several design Investigations were 
performed. Several cross-section geometries were revlevied for both the struts 
and rings. A cylindrical tube was chosen for the struts to provide a design 
that could be made to close fabrication tolerances with repetitive properties. 
An "H" cross-sectloa was selected for the rings because It was structurally 
efficient and was suitable for making strut ring attachments. In general, a 
truss design was developed that emphasized commonality of parts to minimize 
tooling and manufacturing costs. 
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Element tests were performed on specimens that were very representative of 

the truss details. They were performed using highly sophisticated measuring 

devices having resolutions that were capable of demonstrating compliance with 

stringent truss requirements. Tests were performed to determine mlcroyleld 

strain allowables and coefficient of thermal expansion (CTE) characteristics. 

Mlcroyleld strain measurements were made with matched linear differential 

transformers with the capability of measuring to 2.54 x 10 ^ cm (1 x 10 ^ In.). 

CTE measurements were made with a multibeam laser Interferometer with the 
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capability of measuring to 7.86 x 10 cm (3.1 x 10 . ) In a changing 

temperature environment. The results obtained from the elements tests were 
used to finalize the detail design of the truss. 

In Task II of the first phase, a full scale truss was fabricated. The 
details were fabricated using conventional composite tooling and processes. 
Several methods for making the tubular struts were evaluated which included 
wet winding, winding with impregnated tow and tape winding. The latter was 
selected because material wastage was minimized and material placement, ply 
thickness and fiber orientation, was accomplished with the highest degree of 
accuracy. The truss was assembled on a tool one bay at a time. As each 
bay was completed It was placed on top of the tool and the lower bay was 
Chen assembled. This was repeated until the truss was completed. 

In Phase II, full scale component tests were performed. These Included static, 
dynamic and thermal^acuum tests. In the static test, limit axial, limit bend- 
ing and a selected torsion loads were applied. The truss carried these loads 
without any difficulty. The truss was tested dynamically In a cantilevered 
configuration. The truss was attached at its base and a 56.7 kg (125 lb) 

secondary mirror mass simulation Installed at Its top. Test results showed 
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that the first resonant bending frequency was beyond the design requirement of 
13 Hz min. In the thermal-vacuum test the truss had resistant heaters and 
thermocouples Installed on all Its elements to control temperatures during 
test. The truss was then covered with one layer of aluminized mylar Insula- 
tion to reduce thermal gradients. This configuration, resistant heaters and 
one layer of aluminized mylar, was developed by a series of thermal surveys 
performed on a tubular element. The thermally Induced dimensional changes 
encountered during the test were measured with a seven beam laser Interferometer. 
The Interferometer was placed In Its own environmentally controlled chamber 
mounted on the truss secondary mirror cylinder. The Interferometer rays passed 
thru optical windows In the chamber cover to measure the movement of retro- 
reflectors mounted on the truss base ring. The Instrumented truss was placed 

3 

In a 500,000 ft vacuum chamber. Tests Included first establishing representa- 
tive service temperature distributions and perturbatlng these temperatures 5.55**C 
(10°F) axially .and laterally. In these tests, all the truss deflections meas- 
ured were within the design distortion budgets. 

In Phase III load cycling, thermal cycling and creep element tests were per- 
formed. The specimens were tubular sections representative of the truss 
struts. In general, specimen characteristics changed very little as a result 
of the load cyclic and sustained load tests. Results obtained from thermal 
cycling tests Indicated microcracking and a change In thermal growth 
characteristics below -32*C (-25“F). 
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Figure 2- 1. LST Deployed From Space Shuttle Orbiter 


Large Space Telescope 
3-Meter Aperture 
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3.0 


DESIGN 


A full-scale graphite/epoxy truss was designed for evaluation. This truss 
consisted of a three bay configuration with 16 tubular struts per bay and a 
spider assembly for supporting a secondary mirror at one end. The critical 
characteristics of main concern in developing this design were 1) the ability 
to meet dimensional stability requirements, 2) stiffness characteristics 
which provide a minimum resonant bending frequency of IS Hz, and 3) costs. 

The truss elements were tuned to provide a low coefficient of thermal expansion, 
as %^11 as the required stiffness. This was accomplished by the proper 
orientation and selection of fibers used In their laminates. To minimize costs, 
repetitive use of detail parts was emphasized. All 48 struts used In the 
design were Identical. All rings, spider beams and Joints between the struts 
and rings were the same. 

3.1 DESIGN REQUIREMENTS 

The metering structure design requirements are governed by the L.S.T. 
operational conditions. The materials must meet exceptionally low outgassing 
specifications and the structure must remain dimensionally stable while 
undergoing operational temperature changes to prohibit degradation of L.S.T. 
optical c^ract eristics. The design must also comply with the structural static 
and dynamic requirements during the space shuttle launch and recovery. The 
specific requirements are listed below: 

Alignment - Primary Mirror to Secondary for a 1.65*C (3®F) 

Temperature Change 

Despace * ± 2 Micrometers (80 Mlcrolnches) 

Decenter ■ + 10 Micrometers (400 Mlcrolnches) 

Tilt ■ 4.9 Microradians (1 Arc Second) 
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Stiffness 


Fixed-Base Minimum Natural Frequency ■■ 15 Hz 
Strength 

Stress Level in all Components Bolow the Microyield Stress 

Load Factors per JSC 07700, "Space Shuttle System Payload 
Accommodations" 

Ultimati Factor of Safety of 1.4 or yield Factor of 1.5 
whichever is more critical 

Space-Environment al 

Compliance with "Material Management Plan for L.S.T. 

Contamination Control" (Ref. 1) 

3.2 MATERIAL SELECTION 

The utilization of graphlte/epoxy composites in the truss provided a materials 
system that had the unique properties and the flexibility to be designed to 
the specific properties required to comply with the specifications of the L.S T. 
metering truss. By proper selection of the graphite fibers and their orienta- 
tion, the required stiffness, as well as dimensional stability resulting from 
"near zero" CTE were attained. 

At the initiation of this program several graphite/epoxy material systems were 
considered for use in this evaluation. It was recognized that several of these 
could meet the design requirements and a choice at that point in time may not 
represent the optimum selection. But to facilitate completion of the program 
in a timely manner, the materials used in the truss were selected early in the 
program. 


Ref. 1 - Knowllng, Ted. L., "Material Management Plan for LST Contamination 
Control," memo dated 3/74 S&E-ASTN(73-06) MFSC 
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Because of the large established data base developed In previous contractual 
and In-house work, Boeing selected the following graphlte/epoxy material forms 
to be used In the metering truss design; 1) HM-S fiber with 934 epoxy resin 
(1334A)*, 2) "A-S" fiber with 934 epoxy resin (1334C)*, and 3) T300 graphite 
fabric rith 934 epoxy resin (HMF 330C/34)*. 

The unidirectional ply properties of the above composites were first established 
by test as summarized In Table 3-1. The ply properties were then used to 
develop theoi etlcal laminate properties using a classical laminate ar^alysls. 

Analytical studies were conducted to determine laminate arrangements that 
would provide essentially zero coefficient of thermal expansion (CTE) . Only 
symmetrical laminates where considered to avoid distortion during cure. Lamina 
families utilizing a single fiber type as well as hybrids of two or cK're were 
examined to establish a low sensitivity to CTE change due to mcnufacturlng 
variables. These Included variations In fiber volume (V^), ply thickness and 
fiber orientation. 

Carpet plots of laminates with varying fiber orientations were developed whose 
coefficients of thermal expansion were at or near zero. Candidate laminates 
which were within the CTE limits required to meet truss distortion requirements 
were selected from the carpet plots. These groups Included laminates using only 
HM-S graphite fibers and others which used a mixture of HM-S and less ocstly 
graphite materials such as A-S fibers and graphite cloth. A typical plot for 
a (0+45, 90) laminate of HM-S fiber is shown In Figure 3-1. 

^Product designations of the Flberite Corporation 
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Additional laminate families developed having near zero CTE*s, one of which 
is shown in Figure 3-2, This figure shows the CTE characteristics of an 8-ply 
laminate family which uses HM-S fibers in the 0* direction and A-S fibers in 
the + 6 directions. This laminate has the flatest slope in the near zero CTE 
region and therefore, would be more tolerant to fiber property and manufactur- 
ing variations. It is interesting to note that using A-S fiber, which has a 
positive CTE In the + 0 directions, causes the hybrid laminate CTE to be more 
negative than the laminate made entirely with HMS fiber. Also the use of 50Z 
A-S fiber provides a $4A/kg ($20/lb. ) cost saving over an all HM-S laminate. 

The 8-ply laminate with HM-S fibers In the 0* direction and A-S fibers in the 
+ 0 directions was selected to be used in the design of the tubular truss 
struts. The near zero CTE and stiffness properties of the struts using this 
laminate were c I'ltlcal for meeting truss requirements and were the primary 
basis for this selection. The final selection of the direction of the 
orientated plies (+ 0) were developed using element tests. 

The selected laminate designs were Incorporated In structural elements 
representative of the details In the truss. These were tested using a laser 
interferometer to make thermal distortion measurements to the sensitivity 
required to demonstrate compliance with design requirements. This testing Is 
covered In detail in Section 5.0. 

In addition to providing physical and mechanical properties that meet design 
requirements the materials us :d on the LST must demonstrate the ability to 
meet rigid contamination control requirements. 
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The loss of natter by outgassing and by evaporation or sublimation Is one of 
the most obvious effects of a thermal-vacuum environment on polymers used In 
the graphlte/epoxy composites, Resins which are considered suitable for space- 
craft usage are those which exhibit a minimum weight loss when exposed to the 
vacuum and thermal environments of space, and those %fhlch contain minimum 
polymers that vaporize at an elevated temperature In a vacuum and deposit an 
adjacent, cooler surfaces. The former Is expressed as total weight loss. 

The latter is expressed as Volatile Condensible Materials or VCM. The 934 resin 
was tested In a facility which was patterned after the Goddard Spacf Flight 
Center Apparatus. Mylar standards were run simultaneously with the 934 sample 
to serve as controls and to verify that the test equipment functioned properly. 
The experiment was controlled to the following parameters: Sample bar 
temperature, 125 + 2*C (257 + 4*F) : collection plate temperature, 23 + 2®C 
(72 + 4**F); a vacuum of 10 ^ torr and an exposure time of 24 hours. The data 
shown on Table 3 shows 934 resin has per cent weight loss and vacuum con- 
densible values which are less than IZ and O.IZ, respectively, and Is therefore 
acceptable for most spacecraft usage. 

An additional outgassing requirement for polymer materials used In and around 
optical systems vdilch we considered for the metering truss, was degradation of 
optical performance, l.e., a cht^nge In specular reflectance of a mirror surface 
due to a coating of outgassing products. A specular reflectance test was 
performed with a specimen containing the 934 resin system In a UV -Ref lactometer 
shown schematically In Figure 3-3. The specimen, 66mm x 66nn (2.6 In. x 2.6 In.) 
was placed In a vacuum chamber and held at 50*C (122*F) In the direct line of 
sight of a test mirror held at 25*C (77®F). The pressure in the chamber was 
held at less than 10 ^ torr. Reflectance readings were taken periodically 
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over a spectrum range of 1000 A to 3000 A for 30 days. The reflectance change 
measured was slightly over IZ, which was well below the L.S.T. requirement of 

O 

5 % maximum @ 1216 A. 

3.3 TRUSS DESIGN 

Approach 

The truss design consisted of an assembly of struts and rings which formed a 
three-bay configuration as shown In Figure 1-1. Structural configuration studies 
of the graphlte/epoxy metering truss were performed to evaluate promising candi- 
dates. Studies Included overall truss assembly configurations, as well as 
basic element concepts. Designs were evaluated with respect to strength, 
stiffness, geometric /thermal stability, manufacturing suitability and cost. 

Candidate designs were developed which met the structural requirements of the 
truss without Inhibiting the operational characteristics of the LST. In all 
designs, graphlte/epoxy composites were used to the maximum extent possible. 
Special attention was given to provide geometrical/thermal stability. The 
graphite composite characteristics of the basic elements were tailored such 
that the overall truss was tuned to minimum growth In a changing temperature 
environment. This was accomplished by the proper selection and orientation of 
the graphite fibers. 

The anisotropic characteristics of the composites required careful attention 
when considering the strength and stiffness requirements of the truss. These 
properties were balanced such as to provide a design which met all of the 
applicable requirements. 
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To study the various truss component concepts, the overall assembly was 
divided Into critical design areas. The secondary mirror support structures 
was given special attention since It had to provide maximum support capabilities 
while causing minimum obscuration to the telescope. In the initial evaluation 
of truss designs. It was determined that a relatively large percentage of the 
truss deflection could occur In the spider region. The design selected 
utilized honeycomb stabilized sandwich construction to provide the maximum 
amount of stiffness with minimal frontal area. The top truss ring which supported 
the secondary mirror support structure also required special attention since 
concentrated loads Introduced by the spider beams could cause large-lnplane 
displacements under dynamic loading. Various ring geometries and cross 
sections were studied. A built-up "H" Incorporating graphite fabric and 
graphite /epoxy broadgoods was selected. The fabric was used to provide the 
shape and the broadgoods used In the chord areas to tune the section to the 
proper physical and mechanical characteristics. Several strut designs were 
also Investigated. These Included round tubes made using wet and tape winding 
techniques, square tubes, and various built-up sections. The round tubular 
sections were selected on the basis of simplicity and costs. Techniques for 
attaching these struts to the truss rings were also studied. The relative 
merits of each concept was evaluated considering the ability to comply with 
structural and thermal L.S.T. requirements and favoring those concepts which 
had a high degree of part commonality to minimize tooling costs. 

Detail Design 

The neterlng truss configuration evolved to three, equal length bays, with 
sixteen strut members per bay. Four beams were used to attach the secondary 
mirror support structure to the upper ring member. The basic ring frame 
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consists of two channel sections bonded back-to*-back to form an "H" section. 

The section properties required by the upper ring (at the secondary mirror end) 

were used to size all the rings. This provided common parts for all the rings 

and thereby minimized the tooling costs. The channel members vere molded from 

graphlt e/epoxy fab..'lc (330C/34) which provided a pseudo 0/90 fiber orientation 

2 6 

with a modulus (E) of 72.4 GN/m (10,5 x 10 psi) and a GTE that was positive 
2.23 MC/*C (1.24 yc/*F). Cap strips made from GR/E tape were then bonded to 
the channels. By adjusting the cap thickness an 1 ply orientations the ring 
was "tuned" to provide the required stiffness and a low CTE In the circumfer- 
ential direction. The strut selection favored the one piece circular tube 
because It represented the most efficient structural shape and allowed the 
application of plies In a rapid and accurate manner. Identical diameters and 
wall thicknesses were used on all struts to minimize cost. The charactertlstics 
of the strut selected are summarized below. 

Inside Diameter - 5.08 cm (2.0 Inches) 

HM-S A-S 

Laminate - (0- + 50) 

z - s 

Effective Modulus - 108.3 GN/m^ (15.7 x 10^ psi) 

Least Sensitive to Manufacturing and Material Variations 
Low Cost - Minimum Plies 

Minimum Material Cost 
Semi-Automated Fabrication 

A typical ring to strut Joint Is shown In Figures 3-4 and 3-5. Each pair of 

struts was bonded to a "zero" CTE gusset plate which was then bonded to the 

web of the ring. Mechanical fasteners were used to prevent peeling at the 

bondlines. This Joint was used at all strut/ring Intersections. 
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The secondary nlrror support or spider consisted of an 45.72 cm (18.0 ir.) 
long cylinder approxinately 55.38 cn (22.0 in.) in dlaveter supported by four 
beams @ 90* spacing. The cylinder and support beams used honeycomb sandwich 
construction %d.th GR/E skins designed to provide "zero" expansion in the 
circumferential direction of the cylinder and along the length of the beams. 

The detail drawings of the truss are shown in Figures 3-6A thru 3-6G. All 
parts were assembled using room temperature bonding. All room temperature 
bonding was performed using Lefkoweld - Type 109. This adhesive was selected 
because it provided the necessary mechanical properties, was qualified for 
space applications per 50M02442 (Ref. 1) and had successfully been used in 
other spacecraft. 


Reference 1 - 50M02442 Revision W - ATM Material Control for Contamination 
Due to Outgasslng, March 1, 1972, George C. Marshall Space 
Flight Center 
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Table 3-1. Graphite/Epoxy Metering Trim Materials 


Malarial 

Et 

N/m2 X 10® 
(pti X 10^) 

Ftu 

N/m2 X 10^ 

(pai X ICyS) 

1 

CTE ®RT 

C X 10®/®C 
( ex 10®/°F) 

Outgassing 

% 

Weight loss 

% 

Condensibles 

HMS/934 

186.2 

865.3 

-.54 

0.39 

0.02 

(1334A) • 

(27.0) 

(125.5) 

(-0.3) 





A-S/934 

127.6 

1.689.3 

+.18 





(1334C) • 

(18.6) 

(245) 

(+0.1» 





G/E fabric 

72.8 

620.6 

+2.23 





(HMF 33C/34) * 

(10.5) 

(90) 

(+1.24) 






'Product dMignationt of th« Fibarite Corporation 
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A.O ANALYSIS 

A NASTRAN finite element model of the metering truss, was used to perform 
static, dynamic and thermal distortion analysis. Several runs were made to 
determine the minimum EA and El requirements for the truss elements. These 
were combined with the data obtained from the laminate analysis to establish 
the fiber orientations and laminate thicknesses used in the strut, and 
secondary mirror support structure designs. 

The truss structure consists of a cylindrical configuration stabilized by 
four rings. The rings were modeled as octagons with eight NASTRAN CBAR ele- 
ments. Each of the spider beams supporting the secondary mirror were 
modeled by three CBAR elements. Sixteen CBAR elements represented the 
tubular truss members in each bay. 

The spider beams were constrained to move together with a common grid point 
representing the secondary mirror. This was achieved by use of the NASTRAN 
MFC capability. 

In addition to the secondary mirror mass and moments of Inertia, the spider 
beams, rings and truss members were assigned densities to establish an 
initial structural mass distribution. As new mass and element property data 
were developed the NASTRAN analysis was updated. The final dynamic and 
thermal deflection analysis was performed using actual scaled weights and 
properties obtained from elements that were representative of the fabricated 
truss details. Table 4-] summarizes the truss mass distribution used in the 
analysis and Table 4-2 summarizes the trusa properties. Figure 4-1 shows 
the model geometry. 
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Two types of stress and dynamics runs were performed. In both, the Joints 
between the spider beams and the spider cylinder were fixed and the balance 
of the joints were assumed to be either moment resistent or pinned. 

Modal Analysis Results 

Frequencies and mode shapes were determined using NASTRAN Rigid Format 3 
(Normal Mode Analysis) for the metering truss cantilevered from its base. 

The first five modes obtained for both fixed and pinned joints are described 
in Table 4-3. As shown, the first mode bending frequency for the structural 
model with pinned joints and the one with fixed joints are both In excess of 
the design requirement of 15 Hz minimum. 

Stress Analysis 

The stress analysis computed internal loads and deflections for the follow- 
ing conditions: 

1) 453. 6KG (1000 lb) applied at grid pt 10 (mirror CG) in the 
X direction. 

2) 453. 6KG (1000 lb) applied at grid pt 10 in the Y direction. 

3) 453. 6KG (1000 lb) applied at grid pt 10 in the Z direction. 

4) 1152KG-cm (1000 lb-in) applied at grid pt 10 in the X axis. 

5) 1152KG-cm (1000 lb-in) applied at grid pt 10 in the Y axis. 

6) 1152KG-cm (1000 lb-in) applied at grid pt 10 in the Z axis. 

7) Ig applied in the X direction. 

8) Ig applied in the Y direction. 


24 


9) Ig applied In the Z direction. 

10) Uniform temperature rise of 5.55°C (10°F). 

NOTE ; X 6 Y are mutually perpendicular axes In the lateral direction, Z Is 
along the axis of the truss, positive from the base to the secondary 
mirror CG. 

Structural Stiffness 

The first sSlx conditions were used to determine the stiffness of the structure 
due to unit loads applied at grid point 10 (CG of the secondary mirror). A 
summary of these results Is shown In Table 4-4. 

Component Maximum Stresses 

The maximum stresses In the spider beams, strut members and ring members 
resulted from the LST crash load conditions. The latest revision to JSC 
07700 Vol. XIV Rev. C (6/25/74) "Space Shuttle System Payload Accommodations" 
gives the ultimate load factors to be used with this condition as 9.0g (axial) 
and 4.5g (lateral), the factors to be applied separately. 

The stresses resulting from Ig axial and Ig lateral loads are: 
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Component 

Condition 

Member 

Loading 

Nominal Stress Level 

Spider Beams 

IG Axial 

Bending 

1.61 MN/M^ (234 Ib/in^) 
2 2 


IG Lateral 

Axial Load 

1.10 MN/rc (159 Ib/ln^) 

Rings 

IG Axial 

Bending 

1.91 MN/m^ (277 Ib/ln^) 


IG Lateral 

Bending 

3.14 MN/m (456 Ib/in'^) 

Lower Struts 

IG Axial 

Axial Load 

.37 MN/m^ ( 53 Ib/ln^) 
2 2 


IG Lateral 


Axial Load 

2.99 MN/m (433 Ib/in^") 


The maximum ultimate member stresses based on the above design load factors 


are: 


Component 

Stress 

Microyield Allowable 

M.S. 

Spider Beams 

14.48 MN/m^, 
(2100 Ib/in ) 

- 

High 

Rings 

17.17 MN/m^, 

131 MN/m^ 2 

+ 6.6 

(2490 Ib/in ) 

(19,000 Ib/in ) 


Struts 

13.45 MN/m^2 

161.3 MN/m^ 

+11.0 


(1950 Ib/in ) 

(23,400) 



Joint Stresses 


1) Spider Beam/top ring joint 

































Ig Ig 

Condition lateral axial 


load 

load 

load 

SI (lb) 

- 8 

-27 

PI (lb) 

-55 

2A 

(lb. in) 

-13 

91 

S 2 (lb) 

3 

0 

M^ (lb. in) 

77 

0 

T (lb. in) 

0 

0 


Max spider beam stress ) 

lateial 


. 13x1 77X.5 55 . , .. 

\08A .063 Ax. 063^ 


AA30 Ib/in^ 


Max spider beam stress (9g axial) 




2A 


.08A Ax. 063 


) 9.0 « 10,600 Ib/in' 


Allowable stress 25,000 Ib/in^ MS 1.35 


Max stress (adhesive) 


l.A3x91xA.5 


2AxA.5 


2x1.25x2.5 


Allowable adhesive stress * 500 lb/ in * MS 


‘ 310 Ib/in^ 
+0.62 


* Microyield strain allowable 


REPROUUOWiaii ui* aiE 

ORIGWAL PAGE IS POOR 
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2) Inf rsectlon of four strut members 


146 LB 



Max gusset stress » ( ) x 4.5 ■ 10,000 Ib/in^ 

Ax.l2A^ 4x.i<^4 


Ring Web Stress - ) 4.5 - 12,000 Ib/in^ 

3x.05 x3 


Allowable stress > 19,500 Ib/ln^ MS > +0.62 



STRUT MEMBER 


3) Lower ring/ strut joint 



LOWER RING 


Maximum gusset stress = ^ 4x^124 ^ “ 8730 Ib/in^ 

4x,12A 

Maximum ring web stress ■ ) 4.5 « 11,200 Ib/ln^ 

2.9x4x.05 

Allowable stress 19,500 Ib/ln^* MS +0.74 
Adhesive stress (gussett/strut) - ^4x4^7 ' ^ ^ 1 75x2x4 7 " Ib/ln^ 


Allowable stress 


500 Ib/ln^* 


MS - High 


* Mlcroyleld stress allowable 



Thermal Deflections 


Deflections were determined using NASTRAN Rigid Format 1 (Static Analysis) for 
two thermal heating full-scale test conditions. The metering truss was sup- 
ported at the secondary mirror grid point. The conditions were: 


1) 

Uniform 

temperature 

rise 

of 

5.55°C 

(10°F) 

2) 

Uniform 

temperature 

rise 

of 

5.55°C 

(10°F) on one-half of the truss 


The calculated deflections are as follows; 



IruM 

location 

Condition (1) 

Axial {x) deflection 

Condition (2) 

Lateral (y) deflection 

Mounting 

plane 

0 

0 

© 

+21 .87 E-5 cm 
(+8.61 E-6in.) 

+5.18 E-5cm 
(+2.04 E-5 in.) 

© 

•2.46 E*5 cm . 
(-att E-5 In.) 

-31.65 E-5 cm 
(-12.46 E-5 in.) 

© 

•26.ID E-5 cm 
(-10.56 E-5 in.) 

-10.87 E-5 cm 
(-27.90 E-5 in.) 

© 

-51.10 E-5 cm 
(-20.12 E-5 in.) 

-140.06 E-5 cm 
(-55.15 E-5 in.) 


This analysis was originally made to predict the performance of the truss in 
the full-scale thermal vacuum test. In this test, resistance heaters were 
installed on all truss elements. In this configuration CTE element tests 
showed a . 072xl0”^cm/cm/°C (.04x10 ^ in/in/°F) positive CTE effect on the 
struts. The above axial deflections have been adjusted for this effect. 
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Additional axial (X) deflection also result from the expansion of material 
thicknesses at the Joints. The total through the thickness growth, using a 
CTE of 21.6x10"^ cm/cm/°C (12xl0"^ ln/ln°F) , was 15.24x10'’^ cm, (6.0x10"^ In.). 

The total axial (X) movements for a AT of 1.67°C (3°F) applied to the struc- 
ture was [~ (-201 - 60) X 10 " -1.99 x 10”^m (-78.3 x lO”^ Inches). This 

Is within the budget of +2x10 ^m (^0x10 ^ Inches) for a 1.67°C (3°F) change. 

The results of the lateral deflection (decenter) analysis was 14x10 ^m (551. 5x 
10 ^ In.) which when ratloed for a 1.67°C (3°F) change Is 4.2x10 (165.4x10”^ 

In.). This Is well within the despace budget of 10x10 (394x10 ^ In.). 
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28.83 CM 
(11.35 IN) 


SECONDARY MIRROR ASSEMBLY 



Figure 4- 1. Tiuss Model Geometry 
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Table 4 - 1. Graphite/Epoxy Truss Mass Distribution 


Description 

kg 

LB 

Spider Cylinder 

7.80 

17.20 

4 spider beai.iS (with potting) 

12.42 

27.37 

Top ring 

10.75 

23.71 

8 top joints 

2.30 

5.06 

1g. struts (bay 1) 

16.46 

36.29 

8 joints 

2.30 

5.06 

Ring 

10.30 

22.71 

8 joints 

2.30 

5.06 

16 struts (bay 2) 

16.46 

36.29 

8 joints 

2.30 

5.06 

Ring 

10.30 

22.71 

8 joints 

2.30 

5.06 

16 struts (bay 3) 

16.46 

36.29 

8 joints 

2.30 

5.06 

Bottom ring 

10.30 

22.71 

Secondary mirror mass 

56.70 

125.00 

Total 

181.75 

400.68 


NOTE: ABOVE VALUES ARE ACTUAL WEIGHTS 


Tabh 4 - 2 . Graphite/Epoxy Truss Properties 



A 

X 10^ 
( in^) 

•l 

m^ X 10® 

(in^) 

*2 

m^ X 10® 

(in^) 

J 

m^x 10® 
( in^) 

Agi/A 

Agj/A 

®x 

N/m^ X 10 ® 
( PSI X 10 ® ) 

®xy 

N/m^ X 10 ® 
(PSI X 10 ® ) 

cm/cm/®C X 10® 
( in/in/®F x 10® ) 

Strut members 

2.68 

(0.415) 

8.91 

(0.214) 

8.91 

(0.214) 

17.81 

(0.428) 

(.050) 

(0.50) 

106.25 

(15.7) 

15.17 

(2.2) 

31 Q 

(0.17)^-^ 

Ring members 

6.15 

(a954) 

88.86 

(2.135) 

26.39 

(0.634) 

.062 

(.0015) 

(0.11) 

(0.79) 

107.56 

(15.6) 

7.52 

(1.09) 

« 0 
(.431) 

Spider beams ( 1 ) 

8.16 

(1.265) 

2,247.5 

(54.00) 

15.94 

(0.38?' 

35.38 

(0.850) 

(0.84 

(0.25) 

119.28 

(17.3) 

10.83 

(1.67) 

.088 

(.049) 

(2) 

5.92 

(0.917) 

761.65 

(18.30) 

11.32 

(0.272) 

23.31 

(0.560) 

(0.78) 

(0.23) 

119.28 

(17.3) 

10.83 

(1.67) 

088 

(.049) 

(3) 

3.68 

(0.570) 

148.17 

(3.560) 

6.91 

(0.166) 

11.24 

(0.270) 

(0.66) 

(0.20) 

119.28 

(17.3) 

10.83 

(1.67) 

088 

(.049) 


Rtftocts full scale test configuration which includes effects of tx>nded resistance heaters. 
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Table 4-3. Modal Analysis Results 


Mode 

Fixed ioints 
frequerscy (Hz) 


Description 

1 

16.76 

16.47 

1st bending (z) 

B 

16.76 

16.47 

1st bending (y) 

mm 

32.93 

30.69 

Ovalization 

B 

?6.26 

35.96 

Longitudinal 

B 

45.02 

43.88 

2nd bending (z) 


Table 4-4. Truu Stiffness 




K 1 loir am /centimeter 

Kilogram-cm/radian 



(Pound/iiKh) 

( Pound-in . /rad ian ) 

Condition number 

1 

2 

3 

4 

5 

6 

Pinned ioints 


1,054 

1.054 

4.001 

50.5 X 10® 

50.5 X 10® 

1.77 X 10® 


(5.900) 

(5,900) 

(22,400) 

(43.8 X 10®) 

(43.8 X 10®) 

(1.52 X 10®) 

Fixed ioints 

G> 

1,089 

1.089 

4.661 

55.1 X 10® 

55.1 X 10® 

2.59 X 10® 


(6.100) 

(6.100) 

(26.1W) 

(47.8 X 10®) 

(47.8 X 10®) 

(2.25 X 10®) 


Strut/ring connections and spider assembly to upper ring ioints 
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5.0 


ELEMENT TESTING 


Structural element tests were performed to obtain accurate data needed for 
analysis and predicting truss performance. The hardware tested was highly 
representative of the full-scale truss details. To show compliance with the 
very limiting design constralntSt very accurate data was developed which required 
very sophisticated measuring and test techniques. Element tests were performed 
to determine: 

1) the allowable mlcroyleld strain for tubular struts and a ring "H" 
section; 

2) the effect of load cycling on the mlcroyleld strain of a tubular 
strut; 

3) the creep of a tubular strut resulting from a 30 day loading at 80% 
of mlcroyleld; 

4) the GTE of tubular struts and a ring "H" section; and 

5) the effect of thermal cycling on the GTE of a tubular strut. 


5.1 MIGROYIELD TESTING 

All mlcroyleld testing was performed on specimens 20.3 cm (8.0 inches) long 
with the mlcrostraln test equipment sho%m in Figure 5-1. Measurements were 
made with differential transformer sensors which have the capability of measur 
Ing to 2.54 X 10 ^ cm (1 x 10 ^ Inches) In the configuration used In these 
tests. Prior to test, the ends of the specimens were potted and ground flat 
and parallel tc within .013 cm (.005 inches). Extensoroeter supports were 
cemented to the specimens with a filled thermosetting epoxy. Figure 5-2 shows 
the tubular mlcroyleld specimen with the extensometer support rings In-place. 
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Extensometer bodies were then cemented to the supports. Linear differential 
transformer (LVDT) sensors were then installed in the extensometer bodies and 
adjusted for clearance between core and bobbin. Figure 5-3 shows the tubular 
specimen with the LVDT sensors completely installed. The assembled specimen 
and extensometer were then installed in the loading machine and the sensors 
adjusted to within +.25 micrometers (+10 microinches) of null. A double wall, 
two zone thermal control enclosure was then installed around the loading system 
After one hour of thermal soak the enclosure was reopened and the sensors re- 
nulled as necessary. The thermal enclosure was then closed and thermal soak 
reactivated for a minimum of 16 hours. Temperature of the test specimen was 
maintained at 33®C (91*F) within a stability of +. 006"C (+01“F) to minimize 
thermal expansion effects. The specimens were loaded in compression at increas 
ing load increments. Loads were removed and the specimens permitted to relax 
after each load increment. Data *ias obtained on all four LVDT sensors and 
bending modes reduced to obtain axial deflections. 

In addition to the tubular specimen shown in Figure 5-2, two additional micro- 
yield test specimen configurations were tested using the above procedure. 

Figure 5-4 shows the microyield ring specimen with the LVDT extensometer in- 
place. Figure 5-5 shows the microyield joint specimen prior to instrumentation 

The first tubular microyield specimen tested was fabricated with two plies of 
A-S/934 at +65* on the inner and outer surfaces and four 0® plies of HM-S/934 
at the center of the wall laminate. The outer plies were applied by filament 
winding which produced an .203 cm (.08 in) wall thickness. The truss struts 
were produced by tape winding the orientated plies which produced a thinner 
wall. Tubular tests of this design are discussed later in this section. 
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The data obtained from the first tubular microyield test was reduced and 

plotted to establish the microyleld strain and effective modulus. Figure 5-6 

shows a plot of the tube yield strain as a function of the applied stress. 

2 

This data shows a microyleld strain of 93.8 MN/m (13.6 ksi). 

Figure 5-7 shows a plot of elastic strain as a function of applied stress. 

2 6 

This data shows an effective tube modulus of 80 GN/m (11.6 x 10 psi). This 
effective tube modulus produced an axial stiffness (EA) of 26.5 N (5.947 lbs) 
that was within 1% of the theoretical EA of 26.7 N (6.002 lbs). 

A microyleld specimen representative of the truss rings was fabricated and 
tested. The section was fabricated by bonding two graphite fabric channels 
back-to-back to form an "H" and then adding graphite tape in the chord areas 
to obtain the proper thermal growth and stiffness characteristics. The 
materials, orientation, and section geometry were the same as the truss 
stiffening rings shown in Figure 3-6. 

The microyield strain results obtained from the ring "H" section test are 

2 

shown in Figure 5-8. The stress at microyield strain was 134.5 MN/m 
3 

(19.5 X 10 psi), which was well above the maximum stresses produced by 

critical loads in the truss. The effective modulus of the cross-section was 
9 2 6 2 

107.6 X 10 N/m (15.6 x 10 Ib/in^), which was 4% above the ring modulus 
used in the NASTRAN analysis. 

The joint specimen tested produced a microyleld strain which was very close 

to the tube microyield strain. This specimen was tested to failure and pro- 

2 

duced a bondline shear stress of 6.7 MN/m (975 psi). This is well above 
2 

the 3.45 MN/m (500 psi) shear stress allowable used in the analysis. 
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Repetitive load cycles were applied to a tubular strut to determine the effect 
on microyield. This specimen was obtained by trimming one of the struts made 
for the truss and was therefore representative of the material and manufacturing 
processes used In building the truss. This specimen Incorporated four plies 
of HM-S/93A at the center of the wall cross-section and two plies of A-S/93A 
at +50“ at the surfaces. 

Upon installation in the microstrain test facility, the specimen was first 
allowed to stabilize. It was then subjected to microyield testing. The speci- 
men was then loaded in steps to 0.8 x 10 ^ yield strain which permitted extra- 
polation to a load value of 43.15 kn (9,700 lbs) for a compression microyield 

at 1.0 X 10 A plot of yield strain vs. load is shown in Figure 5-9. A micro- 
yield stress of 23,373 psi is equivalent to the microyield strain at 1.0 x 10 

Cyclic loads of 0 to 5337.6 N (1200 lbs) were applied to the specimen to 
calibrate th#» test set-up. The specimen was cycled 25 times, released for 
observation and cycled again. The introduction of cooling oil into the loading 
system caused transients in the thermal control system and caused an elongation 
indication. After three groups of 25 compression loadings, a steady test con- 
dition was judged to have been reached with an apparent load read-out error of 
890 N (200 lbs). The compression load was then increased to an apparent 37.81 kN 
(8,500 lb) to simulate the 38. 7^ kN (8,700 lb) load experienced in the initial 
microyield test. After 200 cycles had been applied (in 25 cycle groups), no 
change in the compression yield was experienced. 

The axial elastic stiffness (EA) was measured after each group of 25 cycles. 

2 6 

A value of 28.9 + .5 MN/m (6.5 + .12 x 10 lbs) was obtained at each measure- 

6 2 6 

ment. The equivalent compression modulus of 107.98 x 10 N/m (15.66 x 10 psi) 
was used for the strut elements in the NASTRAN analysis. 
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A sustained load test was performed on a tubular strut specimen to determine 
Its effect on mlcroyleld strain. This specimen was also trimmed from one of 
the struts made for th<^ truss and Incorporated the same laminate design 
described above for the lead cyclic specimen. Testing was performed In the 
mlcroyleld facility with the same techniques used In previous mlcroyleld 
testing. 

The specimen was subjected to compression sustained load tests for periods of 
1, 2 and 30 days. The load applied t ^s 3946 kg (8.700 lbs) which corresponds 
to a yield strain of 0.8 ye. The specimen was placed In the chamber and 
allowed to stabilize as Indicated by the LVDT sensors. Load was then applied 
for the required test periods. The loads were removed and the specimen 
allowed to recover. The gage length of the specimen after test was compared 
to the length prior co loading. Change In gage length from all load tests 
(1, 2 and 30 days) were within the long term stability limits of the test and 
no change in the mlcroyleld strain characteristic of the specimen was indicated 


5.2 THERMAL EXPANSION TESTING 

Tests were performed to obtain the coefficient of thermal expansion (CTE) of 
tubes and "H” section elements. The CTE specimens 91.44 cm (36 in) long. 

They were placed In a vacuum chamber and permitted to stabilize for a minimum 
of 24 hours. Figure 5-10 shows a schematic of the test setup. As shown, the 
test part was suspended Inside a thermal shroud located inside a vacuum chamber 
The optical portion of a laser Interferometer was Installed beneath the vacuum 
chamber. Columnated beams, used to measure dimensional changes, were directed 
through an optical window located at the bottom of the chamber. The actual 
test setup Is shown In the photo shown In Figure 5-11. A closeup of the laser 
optics Is shown In Figure 5-12. 
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The tubular CTE test specimens were fabricated using HM-S in the zero degree 
directions and AS fiber in the +6 plies. Each specimen was Instrumented with 
three thermocouples and four corner reflectors as shown in Figure 5-13. Laser 
interferometer data obtained on the movement of the four corner reflectors 
were used to establish thermal growth and to monitor tilt which was found to 
be insignificant. A reference reflector was mounted at the top of the tube 
and was used to nullify the effects of relative movement between the specimen 
and the laser interferometer. 

The specimen was placed in the test chamber which was evacuated to below 1 torr, 
and allowed to stabilize for sixteen hours. The temperature of the specimen 
was then raised to 37.8*C (100®F) and then cooled. Thermal growth readings 
were taken every 2.8*C (5“F). At each 14®C (25®F) increment the temperature 
was stabilized and allowed to dwell for 30 minutes. This procedure was con- 
tinued until -73.3®C (-100°F) was attained. 

The thermal growth readings for a tube with (0_ + 50) lamination are shown 

2 — s 

"8 “8 

in Figure 5-14. The overall average CTE was 7.2 x 10 cm/cm/®C (4 x 10 in/ 
in/“F). 

Figure 5-15 shows a comparison of the CTE's obtained with the tube elements 
tested. It illustrates the effectiveness of the orientated plies and the 
ability to design for specific characteristics with composite materials. 

The test data shown in Figure 5-15 were developed from two tubes. Both had 
HM-S fibers at 0® and A-S fibers at +0. The curve developed using idealized 
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properties Indicated the (0. +65) would produce a tube with a near zero CTE. 
During the Initial development and evaluation of fabrication processes several 
methods of producing the tubular struts were tried. The tubes that were used 
In the Initial CTE tests were made by wet winding the orientated (+6) piles. 

This method produced tubes with wall thicknesses much larger than anticipated. 

As a result, the tube with the +65* piles produced a CTE value higher than 
desired. When actual fabricated ply thicknesses were used In the analysis 
the theoretical CTE was much closer to the Initial tube tested. As a result 
a second tube was fabricated In which the orientated piles were placed at +50®. 
This tube did demonstrate a "near zero" CTE, as shown In Figures 5-14 and -15. 

A ring "H" section element was also tested to obtain Its effective CTE. This 
specimen had the same cross-section as a truss stiffening ring, but was straight. 
It was 91.4 cm (36 Inches) long and used the same materials and ply orientations 
as the truss ring. The test data produced during test Is summarized In Figure 
5-16. It shows an average CTE of .74 x 10 ^ cm/cm/*F (0.411 x 10 ^ ln/ln/*F). 
This value was within the range for the stiffening rings which allows the 
critical truss dimensional stability requirements to be met. 

A third tubular strut element was tested to determine the effect of thermal 
cycling on CTE. This specimen was obtained from a strut that was built for 
the full-scale truss and, therefore, was representative of the materials and 
type of construction used In Its fabrication. Prior to testing, two one-inch 
wide resistance heaters were Installed along the length of the specimen to 
establish the same test configuration as the strut details In the full-scale 
thermal-vacuum (T-V) test. In the T-V test the heaters were energized and 
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used to control temperatures, but in the element test they were used only to 
develop the same Influence on strut CTE as in the full-scale test. Temperature 
control of the element in the thermal cycling test was performt'd by the thermal 
shroud in the same manner as in previous tube tests. 

The specimen was instrumented with 4 corner reflectors and 3 thermocouples. 

It was placed in the center of a cylindrical thermal shroud inside a vacuum 

chamber. The chamber was pumped down and the specimen allowed to dehumidlfy 

over a weekend. The specimen was then thermal cycled 208 times between +38®C 

and -74“C (+100®? and -100®F). Thermal deflection readings were taken at 

* 

approximately 50 cycle intervals. During the last cycle, readings were taken 
with the resistance heaters removed from the specimen. 

The results of the thermal cycling test are shown in Figure 5-17. In the first 
cycle the CTE varied on a relatively constant slope from a value of .23 x 10 ^ 
cm/cm®C (0.13 24®C ln/ln/®F (+75®F) to .36 x lO"^ cm/cn/®C (0.20 x lO"^ in/in/®F) 
at -45®C (-75“F). In the following intervals the CTE readings followed the 
same slope up to -32®C (-25®F) and then fell-off sharply. It is strongly sus- 
pected this was caused by micro-cracking which was found after the completion 
of the cycling. The wall of the tube was sectioned, polished and photo enlarge- 
ments were made. These enlargements (Figure 5-18) showed radial microcracks 
through the zero degree plies at approximately .38 cm (0.15 inch) spacing. 

The drop in CTE shown as a result of Increased cycling was probably due to 
the progressive delamination of the resistance heaters. The heaters were 
removed and CTE readings taken on an additional cycle (208th). This data 

* 

These readings were taken at 28 C (50®F) intervals after allowing approxi- 
mately 1 hour for laser stabilization (thermal equilibrium). 
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followed the CTE data of the 207th cycle made with the heaters in place, which 
indicated the heaters were totally ineffective (delaminated) by the end of 
cycling. 

Prior to the test, theoretical calculations were made to determine the effect 
of the heaters on the CTE of the tube. These results predicted that the 
heaters would change the CTE values approximately the same magnitudes shown 
between the 1st and 208th cycle. 

Table 5-1 summarizes the CTE test results for the various struts. 
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'icroyield Strain Test Equipment 









Figure 5-3. Tabular t.Ucroyield Specimen With Linear Differential 
Transformer Extensometer Installed 
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Figure 5-4. Microyield Strain Ring (H -Sect ion) Specimen 



Figure 5-5. Microyietd Strain Joint Specimen 
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Figure 5-6. Tubuter Specimen (02-65)^ Yield Strein Venus Stress 
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Figure 5-10. CTE Test Setup Schemetic 
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Figure 5-12. CTE Element Test - Laser Interferometer 
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Figure 5-13. CTE Element Instrumentation 
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Figure 5-14. Tube Growth Vs Temperature 
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PLYORIENTATION + 0 (DEGREES) 


Figure 5-15. CTE Test Data and Design Comparisons. 
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Figure 5- 1&. Thermai Growth vs. Ring Specimen Temperature 
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Figure 5-17. CTE Tube E ‘ement— Therrrmi Cycling 
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Figure 5-18. Thermal Cycling Tube-Microcracks 








Table 5- 1. CTE of Gr/Ep Strut Elements 


Laminatt configuration 

Asaambly procadurt 

Wall thickneac 

Average CTE 

(02±65)s 

Hand laynip HMS pliat 

Machine applied AS tow 
impragrMtad during wrappir>g 

.20 cm (.08 in.) 

1.8 X 10’^ cm/cm/®C 
(3.3 X 10'^ in./in./® F) 

(©2 ^ ^^5 

Hand lay*up HMS plies 

Machine applied preimpragnated 
AS tow 

.20 cm (.06 in.) 

.22 X 10'^ cm/cm/°C 
(.4 X 10'^ in./in./®F) 

(OjlBOis 

Hand lay-up HMS plies 

Machine applied preimpregnated 
AS tape 

(Selected production approach) 

.16 cm (.064 in.) 

.76 X 10'^ cm/cm/®C 
(1.36x 10*^ in./in./°F) 
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6.0 


FULL-SCALE TRUSS FABRICATION 


Several approaches for producing the truss details were evaluated during the 
course of this program. The final processes and techniques selected and used 
will be described In this report. 

All detail composite parts produced In this program Incoporated Flberlte's 
93A resin as the matrix. All parts except the struts were processed In an 
autoclave using the standard manufacturing procedures for this system. The 
standard 93A cure used Is shown In Figure 6-1 and a standard layup configura- 
tion Is shown In Figure 6-2. The strut laminates were layed up on a mandrel, 
covered with caul plates and then overwrapped with glass coverings. Since 
pressure was supplied by the glass overwrap an autoclave was not needed and 
curing was performed In an oven. 

All parts, except those Incorporating honeycomb construction, were assembled 
by room temperature bonding. This bonding was performed with Lefkoweld Type 
109 adhesive. 

6.1 DETAIL FABRICATION 

Struts 

A total of A8 struts were required for the truss assembly. They were approxi- 
mately 8 ft (2.AA m) long with a two Inch (5.08 cm) Inside diameter and an 
eight ply wall. The wall laminate consisted of A plies of HM-S/93A at the 
center of 0 degrees and 2 piles of A-S/93A at each surface at -^50 degrees. 
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The graphlte/epoxy plies were layed up on an aluminum mandrel and cured. Part 
release was accomplished with little difficulty because of the large CTE 
difference and resulting shrinkage of the aluminum mandrel during cool down. 

The mandrel was coated with a baked on R671 Uow Corning release agent. The 
mandrel was also sprayed with a coat of Frekote 33 (Telex-Frekote) prior to 
each use. l^e plies were dcbulked at room temperature using shrink tape 
every two plies. 

The orientation of the +50** plies was established by laying tape to a reference 
line which was established by the feed control of the tape laying machine. 

The tape was placed by hand to this reference line. Initially a few struts 
were made with the tape one half the width required to cover the complete 
surface in a single layup as shown in Figure 6-3. The bulk of the struts were 
made with full width orientated plies layed down in a single pass. After 
completing the ply layup the lamination was covered with 10 mil aluminum 
caul sheets which were coated with Frekote 33. The assembly was then over- 
wrapped with "S" glass roving to provide pressure during cure. The completed 
layup was then placed horizontally in an oven and supported at several points 
along the length. The struts were cured in the oven for one hour at 350®F. 

After removal from the mandrel, the struts were cut to size and the ends 
trimmed to the proper configuration. Figure 6-4 shows a strut end being cut 
to the proper angle with a band saw. Figure 6-5 shows the end being slotted 
with a carbide wheel. Figure 6-6 shows the completed trimmed strut end. 
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Graphite Laminate Details 

The truss Joints were designed to have a high degree of commonality of detail 
parts. A large portion of these details %<ere made from graphite epoxy fabric 
(HMF 330C/34). All small details were layed-up on multi-part aluminum tooling 
such as the tools shown In Figure 6-7. These layups were then bagged and cured 
as shown In Figures 6-1 and -2. Figure 6-8 shows several types of fabric 
details that were used In the truss Joints. 

Joint "T's" %#ere designed and fab Icated to transfer loads from the struts to 
the adjacent structure. Initial. ' angles were fabricated with the same material 
and orientations as the struts (b t-S; O 2 A-S; +50) These parts were layed 
up on steel tools and bagged and ^ured as described previously. The angles 
were then bonded back-to-back Into "T"s at room temperature. They were then 
cut to the proper geometry and capped with 0® plies. Figure 6-9 shows the "T" 
details and the completed part. 

Ring Details 

The ring details Included graphite fabric channels which were bonded back-to- 
back to form an "H" and graphite tape laminates for the ring caps. 

Eight Identical graphite fabric channels were required per ring. The f;.bric 
prepreg was layed up on steel tooling as sho%m for a trial part In Figure 6-10. 
These parts were then bagged as shown in Figure 6-11 and then cured in an 
autoclave. 

The cap materials for the ring were made of ten plies orientated at (0^ +20)g. 
The piles were layed up on a steel tool as shown In Figure 6-12, bagged as 
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shown In Figure 6-13 and cured In an autoclave. The cured laminates which 
were approximately ten Inches wide by 103 Inches long and were cut Into three 
Inch wide cap strips. 

6.2 SUBASSEMBLY FABRICATION 

Several of the truss details were Incorporated Into subassemblies prior to the 
overall truss assembly. The subassemblies Included, two strut assemblies, 
ring assemblies, spider beams, spider cylinder and spider assembly. 

Strut Assembly 

Two strut;.’ were combined by using a gusset joint. Into a single subassembly. 

The slotted strut ends were slid over a "T” gusset which was clamped In an 
assembly fixture as shown In Figure 6-lA. The balance of the graphite 
fabric details were then prefitted as shown In Figure 15. The parts were 
then disassembled, bonding surfaces cleaned and coated with Lefkoweld Type 109, 
reassembled and pressure pads placed and clamped as shown In Figure 6-16. 

Bond pressure was retained for a minimum of 24 hours after which pilot holes 
were drilled In the "T" base as shown In Figure 6-17. A completed strut sub- 
assembly Is s>>own In Figure 6-18. 

Ring Subassembly 

A two piece circular aluminum tool was used for the ring assembly. This tool 
Is shown assembled with some of the ring details In Figure 6-19. As shown, 
eight fabric channel sections were bonded Into a continuous ring. The part 
ends were clocked at 43** angles to permit the upper and lower channel sections to 
be self-spllclng. Pressure for bonding was provided by lead weights placed on 
wood filler blocks as shown In Figure 20. The assembly tool was shlmoed to 
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provide a controlled In-plane web surface. The ring caps and splice plates 
were coated with adhesive and then put in place. Inner and outer steel 
pressure rings were then Installed to provide pressure during cure. After the 
rings were assembled and cap splice plates installed, a drill template was 
used for drilling pilot holes in the rings at Joint locations as shown in 
Figure 6-21. A completed ring is shown in Figure 6-22. 

Spider Beam Subassembly 

The spider beam designs employed aluminum honeycomb sandwich construction. 
GR/EP skins were first fabricated per the design shown in Section 3.0. The 
lower skins, adhesive, and aluminum honeycomb were then placed in an aluminum 
bonding frame as shown in Figure 6-23. After the adhesive and upper skin were 
placed the assembly was bagged for cure as shown in Figure 6-2A. The 
adhesive used was FM-96 and cure was performed at 350"F. 

Spider Cylinder Subassembly 

The spider cylinder was fabricated in three stages. Initially the inner 
skin plies were laminated and cured on a steel mandrel as shown in Figure 6-25. 
A layer of FM-96 adhesive and honeycomb were placed over the skin as shown 
in Figure 6-26. Nine pound per cubmlc foot flexcore was used in attachment 
areas and three pound per cubic foot over-expanded core in the balance of the 
cylinder. Foaming adhesive was used to splice the honeycomb sections. The 
honeycomb was covered with caul sheets, bagged and bonded to the Inner skin. 
The caul sheets were removed and the honeycomb splices sanded smooth. The 
honeycomb was then covered with adhesive and the outer skin layed in place. 
This was then covered with caul sheets, bagged and cured. The part was then 
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removed from the ma^idrel and trimmed. A complete spider cylinder with some 
of the attachment angles bonded in place Is shown In Figure 6-27. 

Spider Support Subassembly 

The spider support assembly (cylinder, beams and top truss ring) were 
assembled as a single unit. The ring assembly tool was used to locate the top 
truss ring. A platform was optically placed and used to establish the 
height and location of the cylinder. The beams were then fitted to existing 
Joint details to establish their location. All bonding was performed at room 
temperature using clamping pressure. Figure 6-28 shows the completed spider 
support assembly. 

6.3 FULL-JCALE TRUSS ASSEMBLY 

.All detail parts and subassemblies were fabricated in a developmental plastics 
shop and shipped to the final assembly area. Final assembly was accomplished 
in the same building In which the full-scale tests were performed. This 
eliminated problems arising from shipping the large completed structure. 

The final assembly was accomplished on a large steel tool designed to permit 
construction of a single bay. This tool located the upper and lower ring of 
each bay and held them In place as the strut assemblies were Installed. As 
eacu bay was completed It was moved to the top of the fixture and the next 
lower bay was assembled. The assembly sequence Is shown In Figure 6-29. 

The top bay was assembled first. A truss ring was first located on the lower 
tooling surface and the spider assembly on the upper tooling surface. The 
connecting double strut assemblies and lower gussets were then temporarily 
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Installed. The struts were then removed, bonding surfaces clearn, coated 
with adhesive and reinstalled* Figure 6-30 shows the top bay propped off 
the upper tooling surface while the lower joints are being assembled. Note 
that the gussets for the middle bay below the lower ring have also been 
Installed. 

Figure 6-31 shows the middle bay being completed. The upper bay has been 
moved to the top of the assembly tool. The strut subassemblies have been 
Installed. The connections have been assembled at the lower ring and are 
being completed at the tipper ring. Figure 6-32 shows one of the joints being 
assembled. 

The lo%ier bay was assembled using the same sequence described above. Figure 
6-33 shows the completed truss being removed from the assembly truss. Figure 
6-34 shows the completed truss after being placed on the floor. 
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1. TOOLSUHFACE 
7 . G«AFMITE/fFOXV LAVUf 
X FERFORATEO FARTING FILM 

4 GLASS CLOTH ■LEEDfR 

1 FLY BLEEDER FOR EACH 4 FLIES FREFREG 

E. CLABB CLOTH BREATHER 


& VACLHJM BAG FILM 
7. SEALING TAFE 
a. FARTING AGENT 
a. FRESSUREFAO 

(OrriONAL FOR SMALL DETAIL FARTS) 



WHfiflE BFUCING OF RESIN BLEEDER IS NECESSARY. UBS BUTT SFLICES AITH MAXIMUM OAF OF SMM (1AB INCHl. 
WHERE SFLICING OF BREATHER M NECESSARY. USE A MAXIMUM OVERLAF OF » MM (1 INCH). 


Fi§un 6-2. Layup Configuration 
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Figure 6-5. Tubular Strut— End Slotting 


Figure &6. Tubular Strut • End Trim Complete 
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Figure &7, Graphite Fabric Gusset Fittings and Tooling 
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Figure 6-8. Graphite Fabric Truss Joint Details 







Figure 6-11. Graphite Fabric Ring Channel - Bagged and Ready for Cure 
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Figure 6-14. Strut Assembly - Slotted Tube Installed on Gusset 


71 




Figure 6-16. Strut Assembly • Joint Bonding 
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Figure 6 * 18. Completed Strut Assembly 
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Figure 6-22. Completed Ring Assembly 
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Figure 6-23. Spider Beam Assembly - Layup Tooling 



Figure 6-24. 


Spider Beam Assembly • Bagged and Ready for Cure 
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Figure 6-25. Spider Cylinder Assembly - Cured Inner Skin 



Figure 6-26. Spider Cylinder Assembly • Honeycomb Installation 


79 



Figure 6-27. Completed Spider Cylinder Assembly 
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LEGEND 


1 INDEX GUSSETS TO PILOT HOLES IN NO. 2 RING, 
CLECO IN PLACE 

2 LOCATE S*»IDER ASSEMBLY ON UPPER TOOL 

3 LOCATE DOUBLE-STRUT ASSEMBLIES USING 
UPPER RING PILOT HOLES 

4 DRILL HOLES FULL SIZE THRU RING NO. 1 
DISASSEMBLE, CLEAN SURFACES, APPLY 
ADHESIVE AND REASSEMBLE 

5 INSTALL FASTENERS THRU RING NO. 1. 
TIGHTEN FOR BONO PRESSURE, ALLOW TO 
CURE OVERNIGHT 

6 RAISE BAY NO. 1 SLIGHTLY AND DRILL 
GUSSETS ON RING NO. 2 FULL SIZE 

7 DISASSEMBLE, CLEAN SURFACES, APPLY 
ADHESIVE AND REASSEMBLE 

8 INSTALL JOINT DETAILS AND CLAMP, INSTALL 
FASTENERS AMO TIGHTEN FOR PRESSURE, 
ALLOW TO CURE OVERNIGHT 

9 RAISE BAY NO. 1 SUCH THAT RING NO. 2 IS 
AT TOP OF TOOL 

10 LOCATE RING NO. 3 ON TOOL AND DOUBLE- 
STRUT assemb: IES on ring with gussets 
FOR BAY NO. 3 

1 1 DRILL HOLES FULL SIZE THRU RING AND 
GUSSETS 

12 DISASSEMBLE. CLEAN SURFACES, A • ..Y 
ADHESIVE, AND BOND GUSSETS AND 
DOUBLE-STRUT ASSEMBLIES TO RING NO. 3. 
CURE OVERNIGHT 

13 RAISE BAY NO. 1 SLIGHTLY. CLEAN BONDING 
SURFACES, APPLY ADHESIVE AND BOND 
STRUTS TO RING NO. 2. CURE OVERNIGHT 

14 RAISE COMPLETED BAYS NO. 1 AND NO. 2 
SUCH THAT RING NO. 3 IS AT TOP OF TOOL. 
LOCATE RING NO. 4 ON LOWER TOOL. 

15 LOCATE DOUBLE-STRUT ASSEMBLIES ON 
RING NO. 4 DRILL FULL SIZE, DISASSEMBLE. 
CLEAN JOINT DETAILS, REASSEMBLE 

16 APPLY ADHESIVE TO JOINT DETAILS AT 
RING NO. 3, CLAMP AND BOND OVERNIGHT 

1 7 BOLT LOWER RING TO COMPLETE BAY NO. 3 



BAY 
NO. 1 


BAY 
NO. 2 


BAY 
NO. 3 


RING 
NO. 1 


RING 
NO. 2 


RING 
NO. 3 


RING 
NO. 4 


Figure 6-29. Truss Assembly Sequence 
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Figure 6-31. Second Bay Assembly Complete 








Figure 6-32. Typical Truss Joint 
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7.0 FULL-SCALE TRUSS TESTS 

To establish the feasibility of the graphite/ epoxy metering truss concept 
full-scale tests were performed. Testing was performed to determine truss 
stiffnesses, dynamic characteristics, and thermal distortion behavior. The 
test data obtained was also used to verify the analysis. Three major tests 
were performed in the following sequence; a static load test, a modal survey 
test and a thermal vacuum test. 

7.1 STATIC LOAD TEST 

The graphlte/epoxy truss was subjected to static loads to determine its axial, 
bending and torsional stiffnesses. The truss was subjected to separately 
applied axial and side bending limit loads and a selected torsional load. 

The design crash loads, 9 g axial and A 1/2 g lateral, were reduced by a 1.4 
ultimate load factor to obtain limit loads. 

Test Set-Up 

The metering truss was attached to a welded steel ring fixture at its base. 
Attachments were made at the eight strut joint locations. The four bolts at 
each of these locations were Installed using load indicating washers to con- 
trol the torque during their installation. The steel base ring fixture was 
attached to laboratory floor rails with twenty-two 2.54 cm (1 in) diameter 
steel bolts. 

The vertical load system, located on the longitudinal axis of the truss 
assembly, consisted of a pipe column, hydraulic actuator, load cell inter- 
facing with the secondary mirror support (spider cylinder). This system 
reacted loads into the base ring fixture. 
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The bending and torsion loads were applied to the truss at Its upper ring. 

The associated loading system consisted of a pair of hydraulic actuators, 
load cells and Interfacing linkage between the upper truss ring and a load 
reaction fixture. To apply the side loads the two actuators were operated 
In the same direction and for the torsional loads they were operated opposite 
^ directions. The reaction structure consisted of two steel "H" section 

columns supported laterally. 

I 

I A schematic of the test set-up Is shown In Figure 7-1, and the actual set-up 

is shown In Figure 7-2. The attachment of the base of the truss to the steel 
^ base ring fixture Is shown in Figure 7-3. Attachments of the steel base ring 

fixtures to the floor are also shown. A close-up of the attachment of the 
truss base to the fixture Is shown In Figure 7-4. The Installation torque of 
the bolts shovm passing thru the truss base ring Into the adapter fittings 
were controlled by the use of load Indicating washers. Figure 7-5 shows one 
of the fittings Installed on the top truss ring for Introducing side bending 
loads and torsion. Figure 7-6 shows the load actuator pumps used for applying 
load during test. 

) 

Instriientatlon 

|| The axial, bending, and torsional loads were measured with load cells located 

In-line with the actuators (see Figure 7-1). Twenty-two electrical deflection 
^ Indicators (EDI's) were attached to the truss at locations shown In Figure 7-7 

. to measure longitudinal, lateral and torsional deflections. 


I 

I 
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A multi** frame type structure was assembled and mounted to the base ring test 
fixture with three bolts. This assembly provided a reference for the EDI's 
for the full height of the truss. The three point attachment scheme provided 
a common reference plane for both the truss and the multi-frame instrumentation 
tower. Figures 7-2, -3 and -7 show the location and installation of this 
tower . 

Test Procedure 

The truss was subjected to separately applied side, torsion and axial loads. 

The loads were applied in 20X load increments with data recorded at each incre- 
ment up to 100% and at 60% and 0% on the way down. The maximum loads attained 
were: 

1) side bending — total lateral load of 430 lb applied at the top truss 
ring; 

2) torsion — opposing lateral loads of 131.1 pounds each applied at the 
top truss ring; 

3) axial — a maximum load of 803.6 pounds applied at the secondary mirror 
mounting plane. 


Test Data 

A summary of the test data for: 1) the side load bending condition is shown in 
Table 7-1, 2) the torsion load condition is shown in Table 7-2, and 3) the 
axial load condition in Table 7-3. 

In the side bending load test the EDI's were rezeroed after 20% load was applied. 
This was performed oecause of the truss distorsion caused during the connection 
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of the actuators. In the following tests the EDi's were zeroed before and 
after the actuators were connected. 

In the side bending load test the maximum deflections were developed In the 
top ring of the truss as expected. The magnitudes of the deflections showed 
that loads were applied evenly. The magnitudes at the 60% levels both as 
load was being Increased and as load was being reduced were the same showing 
the truss was responding elastically. 

In the torsion load test maximum deflection was again experienced at the top 
ring where load was being applied. The magnitudes of the readings of the 
EDI’s on this ring (No’s 7 & 8) showed there was some lateral motion of the 
truss. Again the readings of these EDl's were the same at the 60% levels 
both as loads were Increased and reduced Indicating that hysteresis effects 
or test peculiarities were not introduced. 

In the axial load test load was Introduced at the spider cylinder. By far, 
the bulk of the vertical deflections occurred in the spider assembly. Insignl~ 
f leant (non-measurable) deflections occurred between the truss upper ring and 
Its base. The deflections at EDl's 1 and 2 located in the spider cylinder 
were the same at 20% levels as load was being Increased and decreased and 
also at the 60% levels as load was increased and decreased. Again this showed 
that the truss was acting elastically. 

Test Results 

Side bending and axial limit loads as well as a selected torsional load were 
applied to the metering truss. The truss successfully carried these loads 
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without undesirable deformations occurring. Truss deflections were measured 
during the three test conditions. These data will be reduced to establish 
the truss spring rates and will be discussed along with analysis correlations 
In Section 7.4. 
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Figure 7-4. Static Load Test - Base Attachment Close-up 


Figure 7-5. Static Load Test - Load Introduction Fitting 
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Tsdh 7- 1. Side Load Condition LST Metering Truss Static Load Test Data 
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Table 7^2. Torsion Load Condition LST Metering Truss Static Load Test Data 
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Table 7~3. Axial Compression Load Condition LST Metering Truss Static Load Test Data 
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7.2 


DYNAMIC TEST 


The truss was subjected to a dynamic test to identify and measure the truss 
first and second cantilevered bending mode frequencies, damping and mode 
shapes. The truss was bolted to the floor at its base ring in the same 
manner described In the static test. The strong back towers used In the 
static test were modified and used to support two electromagnetic vibrators 
with attached voice colls which were used to apply exciting forces to the 
truss structure. 

Test Set-Up 

The meterirg truss remained mounted on the same base ring fixture used in 
the static test. The static test strong back towers were modified to support 
two vibrators at the truss upper ring elevation. The vibrators had a force 
rating of 25 pounds. Each had a ] hase reversal and a decay switch. A force 
switch was Installed between the vibrator voice coll and the test article to 
measure the force input. A 125 pound steel plate was mounted in the spider 
cylinder to simulate the mass of the secondary mirror assembly. 

A schematic of the modal survey test set-up is shown in Figure 7-8 The 

actual set-uf is shown in the photo in Figure 7-9. As shown, the vibrators 
were I’lstalled in line with two of the spider beams which were rotated 90° 
from each other. The vibrators were installed at the top truss ring elevation 
on the strong back columns as shown in Figure 7-9. Thirty accelerometers 
were installed at ten locations on the truss. The accelerometer wires were 
supported by the center load column as shown in Figure 7-10. Also shown in 
this figure is the 125 pound secondary mirror mass simulation plate installed 
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In the spider cylinder. A Nodal Survey Analysis System (MSAS) was used on 
line during the test to compute the transfer functions of the acceleration 
over force and to normalize the accelerometer signals for mode shape data. 
This equipment along with signal conditioning electronics Is shown In Figure 
7-11. 


Instrumentation 

Instrumentation for the modal survey test consisted of one kip binocular type 
force transducer to measure Input to the test article, Endevco Model 221-D 
accelerometers to measure truss response, and transducer signal conditioning 
equipment. Thirty accelerometers located at ten locations (3 axis measure- 
ments) were used to measure the response of the truss structure. The location 
of these accelerometers are shown In Figure 7-12. In addition, a roving 
accelerometer was also used to measure structural response at various points 
and In establishing mode shapes. The accelerometers had a frequency range of 
10 Hz to 2000 Hz and the capability of measuring accelerations from 0.05 G to 
100 G's. 

Test Procedure 

Vibration Eode frequencies and damping were obtained by sweeping the frequency 
of the calibration force and analyzing the response acceleration of the truss. 
The frequency was swept from 10 to 50 Hz. Results from the MSAS were plotted 
and Indicated that three vibration modes In this frequency range. The first 
bending mode, an ovallng mode and a second bending mode. Py force vectoring, 
a second first bending mode was located at approximately 0.2 Hz below the first 
located mode. The frequencies and damping were obtained for three different 
Input force levels and also by free vibration decay. 
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Test Data 


Vibration mode frequencies and damping were obtained from MSAS plots which 
Indicated three vibration modes In the 10 to 50 Hz frequency range. The first 
bending mode was at 16 Hz, an ovallng mode at 28 Hz, and a second bending mode 
at 39 Hz. A second first bending mode was located by force vectoring at approx 
Imately 0.2 Hz below the first mode. 

Table 7-4 summarizes the results obtained for three different input force 
levels. Table 7-5 summarizes the frequency and damping obtained from oscillo- 
graph recordings of the free vibration decay. 

A fixture evaluation was made and revealed motion of the base fixture and 
floor of the test area. It should be noted that damping at the low magnitudes 
in this test may be Influenced by how well the truss is cantilevered. In view 
of the motion of the mounting points, the damping data was suspected to be 
high. Additional testing was therefore performed on the truss under more 
controlled conditions under contract HAS8-31314, "Space Telescope Support 
Systems Module Definition Study." A summary of this work is included in 
Appendix A. 

Test Results 

Test results showed that the first mode resonant frequency was in excess of 
the design requirement of 15 Hz minimum. The correlation of the test results 
with analysis will be discussed In Section 7.4. 
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Figure 7-9. Modal Survey Test Setup • 
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Table 7^4. Modal Survey Teet-Force Inputs Frequency and Dempmg Data 



First barni 

Rir>g 

Saoond band 

Input forca N (Hm) 

i.3t (asi) 

117 (a71) 

116(171) 

Fraquancy (Hz) 

16.194 

21.13 

30.62 

Dantping (Nyq) 

0.0M9 

(X0Q94 
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3L02 (aao) 
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30.56 

Dampinf (Nyq) 

a0062 
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Forca N (Iba) 
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ao4 (a 14) 

164 (114) 

Fraquarnry (Hz) 

16.176 

2113 

30.62 

Damping (Nyq) 

a0062 

aoii 

1010 


Table 7-5. Model Survey Test — Free Vibration Decay Frequency and Damping Data 



First band 

Ring 

Sacor>d band 

Input forca N (Iba) 

17 (1.6) 

22.2 (5) 

22.2 (6) 

Fraquartcy (dacay) (Hz) 

1101 

2106 

30.37 

Damping 

10076 

0.0094 

0.006 

1 

Input forca N (Iba) 

2.2(16) 


113(3) 

FraquarKy (dacay) (Hz) 

1118 


30.34 

Damping 



10066 

Input forca N (Iba) 

14641.0) 

B> 

31.1 (7) 

Fraquancy (dacay) (Hz) 

1121 


30.20 

Pamping 

10077 


0.0006 


^raquenci and dampinf by fraa vibration dacay mathod. 
^UnaWa to datarmina. 
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7.3 


THERMAL-VACUUM TEST 


The truss was tested under thermal -vacuum conditions to establish its dimen- 

3 

sional stability characteristics. The truss was placed in a 50,000 ft vacuum 
chamber in an inverted position (Figure 7-13). A laser Interferometer was 
mounted on the secondary mirror support cylinder to measure dimensional changes 
due to thermal perturbations. Truss temperature distributions were established 
which simulated a service condition. These temperatures were changed and the 
resulting dimensional changes measured. This sequence was repeated for a 
second service condition. In both cases the truss deflections remained within 
the design dimensional stability budget. 

Test Set-Up 

The truss was lowered into the 50,000 cubic foot vacuum chamber with the over- 
head crane as shown in Figure 7-14. This chamber, which is completely LN 2 
shrouded is 39 ft in diameter and 49 ft high. It is mounted on a million 
pound seismic mass to provide a dynamic isolator (Figure 7-15). The LN 2 
shrouds operate at a temperature of -314®F and are painted with a flat black 
paint. The chamber was rough pumped with a mechanical roughing and chain 
blowing system. After the initial pump down, pumping was accomplished with 
the LN 2 shrouds, ion-pumps, and cryodynes to provide a clean low vibration 
environment during the critical portions of the test. 

The truss was supported in an inverted position using the same base ring used 
in the static and dynamic tests. The base ring was supported on the chamber 
hardpoints (Figure 7-16). The truss was blocked up using three short columns 
to provide room for the spider assembly beams. The top of the columns 
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Incorporated nylon block supports to Interface the truss ring (Figure 7-17). 
This arrangement permitted free . independent movement of the truss ring and no 
resistance to differential thermal growth between the truss and the support. 

The truss assembly was instrumented' with resistance heaters and thermocouples 
and then covered with one layer of Mylar aluminized on both sides. In previous 
work during the development of the heater designs it was determined that this 
single layer of aluminized mylar was needed to reduce the emittance of the 
structure and minimize temperature gradients. Previous tests also showed 
that the bulky steel flxturlng may cause "hot spots" in the chamber during 
test. To mlniiL^ze radiation from these areas the flxturlng was also covered 
with multi-layer insulation as shown in Figure 7-18. Figure 7-19 shows 
another view of truss in the vacuum chamber with the aluminized mylar covering 
just prior to test. 

Previous tests had also determined that the desired cold temperature could 
not be attained in the secondary mirror support cylinder. This was caused by 
the heat pump effect of the Interferometer box which was field at 74 *F and was 
coupled thru its supports to the cylinder. A LN^ cold finger was therefore 
Inserted ir> the center of the cylinder to drive its temperature down. This 
proved not very effective as shown by temperature data obtained during test. 

Deflection measurements were made during thermal distortion tests with a 
seven-channel laser Interferometer. Tlie iuterter jwettf^-v used to measure 

decenter, despace and tilt displacements of the primary mirror end ting 
relative to the secondary mirror support structure. 
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The seven channel laser Interferometer consisting of seven modified Tvyman- 
Green interferometers In parallel, where the optical length of the reference 
arm was modulated with a piezoelectric element. A 1 cm corner reflector was 
mounted at each point displacement was measured. The reflectors returned 
the beam to the detector array (Figure 7-20). 

The signal and reference laser beams were demodulated by the square law 
detectors to produce electrical harmonies of the modulating frequency. The 
fundamental and second harmonic components were used to determine the direction 
of movement. 

t 

The output of the direction sensing logic changes state every 90 degrees of 
optical phase, so there are four counts per fringe. Since the optical path 
was folded, the resolution element was X/8, or approximately 3.1 millionths 
of an inch. 

The laser Interferometer was mounted in a hermetically sealed box which was 
mounted on the secondary mirror support structure. The box was mounted thru 
four flexible stand-offs which eliminated the transmittal of bending momentj 
to the sensitive Interferometer base. Three of these flexible mounts con- 
tinued up from the base plate of the box to provide support for the interfero- 
meter. This minimized transmittal of bending resulting from pressure distor- 
tion of the hermetic box. 

Th<* temperature of the box was carefully controlled throughout the test. It 
was wrapped with multilayer insulation. Dry gaseous nitrogen introduced at 
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1 atmosphere pressure and heated to a controlled temperature was circulated 
and then vented outside. Four thermocouples were monitored In the box. They 
were located at the box base plate. Interferometer plate, cover of the box and 
GN^ Input tube. During test the four temperatures were highly stable and the 
Interferometer base plate temperature remained within +1/2“F when perturbing 
the truss temperatures. 

Instrumentation 

Low watt density strip heaters were bonded to all elements of the metering 
truss with double backed Kapton tape. One hundred and sixty-eight chromel 
constantan thermocouples were Installed on the truss for thermal zone control 
and temperature distribution read-out. Eight copper constantan were Installed 
on Interferometer assembly for Its temperature control. Deflection measure- 
ments were made with a laser Interferometer mounted In a temperature controlled 
box, purged with nitrogen gas and maintained at atmospheric pressure. Three 
retroref lectors were Installed on the base ring of the truss and were used as 
reference points for the deflection readouts. 

Low watt density strip heaters were bonded to the assembled metering truss 
with double backed Kapton tape. Chromel constantan thermocouples were attached 
for temperature control and measurement. All elements of the truss were then 
wrapped with one layer of aluminized mylar. The truss was layed down on Its 
side to provide easy accessablllty for the heater and T/C Installation as 
shown in Figure 7-21. Typical Installed heaters for both the struts and rings 
are shown in Figure 7-22. 


The axial gradient test conditions were achieved by dividing the 3 sets of 
tubular members into 3 control zones, each ring into 1 control zone, and the 
secondary mirror support structure into 2 zones. This results in a total of 
9 control zones. All zones covered 360* of the truss circamference. The 
circumferential gradient test conditions was achieved in much the same way. 

In this case, however, the individual zones covered only 180® of the truss 
c Ircumf erence . 

The heater zones for the axial and circumferential temperature gradients are 
shown in Figure 7-23 and 7-24. Switching of the heater zone control from the 
axial gradient mode to the circumferential gradient mode was accomplished 
exterior to the chamber, eliminating the requirement for vacuum break between 
test conditions. 

Each heater zone contained a control thermocouple mounted on a heater, one 
adjacent to a heater and numerous T/C's to obtain temperature distribution. 
Temperature control was achieved by dissipating electrical power to the strip 
heaters. Power dissipation was regulated by computer control of the power 
supply for each temperature control zone. 

Deflection measurements were made during the thermal distortion tests with a 
7 beam laser interferometer. The interferometer measured the movement of 
three corner reflectors mounted on the truss base ring. The reflectors were 
mounted at 120* spacing around the ring in stainless steel containers. These 
containers were mounted with a single screw located at the reflector reference 
surface. 
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T le pointing mirrors of the Interferometer were aimed at the corner reflectors 
Just prior to the Installation of the truss In the chamber (Figure 7-25). This 
was repeated in the chamber and also after the cover of the hermetic box was 
temporarily positioned. Distortion of the beam paths due to the optical 
windows In the cover proved Insignificant. 

Test Procedure 

The vacuum chamber was sealed and pumped to a pressure of less than 1 torr. 

A nitrogen purge of the Interferometer box was established and temperature 
control Initiated. Recorded Interferometer temperature and displacement data 
and repeated every hour. 

Maintained pressure below 10 torr for more than 9 hours. 

Reduced chamber pressure to less than 1 x 10 ^ torr and started cooling walls 
to -290*F. 

As each truss zone reached its target temperature, heaters were energized to 
maintain target temperature. 

The above process was continued until Condition 1 was achieved. Condition 1 
temperatures are shown In Table 7-6 and Figure 7-26. After all temperature 
zones had attained target temperatures the Interferometer data were recorded 
at half hour Intervals until they Indicated stability had been reached. 
Nominally this took another 2 hours. Condition 1 stability was established 
23 hours and 35 minutes after the test started. 
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Rezeroed the Interferometer and raised all target temperatures 10**F. Inter- 
ferometer readings were taken at hour Intervals. Temperature data and Inter- 
ferometer data showed stabilized Condition lA was reached 3 hours after the 
start of the perturbation. 

The target temperatures were reduced 10*F to the Condition 1 temperature 
distribution. A stable Condition 1 was achieved 5 hours later. 

Target temperatures were Increased 10*F and the Interferometer was rezeroed. 

A stabilized Condition lA was achieved 4 1/2 hours after start of perturbation 
as Indicated by both temperature and Interferometer data. 

Adjusted the target temperatures of each zone to Condition 2 temperature as 
sho%m In Table 7-6 and Figure 7-26. A stabilized Condition 2 was established 
10 1/2 hours after Its target temperatures were Inserted In the controlling 
SDS 910 computer. 

The Condition 2A temperature, which raised one half of the truss temperature 
10*F as shown In Table 7-6 and Figure 7-24, were programmed Into the computer. 
The Interferometer was rezeroed. A stable Condition 2A was reached 3 1/2 
hours later. 

After the first radial temperature perturbation was complete, the target 
temperature were changed to the Condition 2 distribution. A stabilized con- 
dition was achieved In 4 1/2 hours. The Condition 2 to 2A perturbation was 
repeated. The Interferometer was zeroed after the new target temperatures 
were progranted. It took 3 1/2 hours to achieve a stable Condition 2A. 
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Test Data 


Truss temperature data was recorded on magnetic tape by the controlling SDS 
910 computer every 5 min. All data were also listed on a line printer at the 
same time. Sixty selected channels were also displayed on remote TV screens 
which were updated every 10 seconds. 

Typical temperature distributions and resulting temperature perturbations are 
shown In Figures 7-27 and -28. Figure 7-27 shows the truss thermocouple loca- 
tions. Condition lA temperatures achieved during the first perturbation, and 
the resulting changes In temperatures achieved during this perturbation. As 
shown, the 10**F axial perturbation was achieved a relatively uniform manner. 

The average temperature change throughout the truss was 9.90®F. Figure 7-28 
shows the thermocouple locations. Condition 2A temperatures achieved during 
the first radial perturbation and temperature changes achieved during this 
perturbation. The target temperatures In the support cylinder were changed 
plus 5*F and actual temperature changes averaged this amount. The average 
temperature change on the half that was perturbated was 9.29**F. 

In addition to obtaining truss temperatures, 8 thermocouples were used to 
obtain the Interferometer box and Its stand off support temperatures. Since 
the Interferometer measurements were very sensitive to these temperature 
changes, more accurate copper constantan thermocouples were used. In addition, 
they used their own Ice water reference and were read with a voltmeter. 

Deflection measurements were made with a 7 beam laser Interferometer during 
the thermal distortion tests. Deflections were based on the movement of 
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retroref lectors mounted on the truss base ring. Two of the retroref lectors 
were tracked by 3 beams each and a third reflector by one beam. The despace , 
decenter and tilt of the ttuss were based on the movement of the two reflectors 
that were tracked by three beams. Interferometer data were recorded by a line 
printer. These data were recorded at half hour intervals during the critical 
portions of the test and was used to determine when stabilized temperatures 
were achieved as well as to establish truss deflections. Ten sets of data 
were obtained during each recording. Scatter was small and within anticipated 
sine wave movements of the truss due to its vibration. 

Data obtained from the digital readout of the laser interferometer were multi- 
plied by 3.1 X 10 ^ in. to establish dimensional movements. These data were 
then input into directional cosine equations to obtain the despace decenter 
and tilt of the retroref lectors. 

The direction cosine equations were based on the truss geometry and location 
of the retroref lectors. The equations used are shown in Table 7-7. Their 
solution was performed on a prograrmable desk computer using matrix algebra. 

A summary of the truss deflections is shown in Table 7-8. The measured data 
were converted to despace, decenter and tilt of the truss using direction 
cosine equations. 

Test Results 

Condition 1 and Condition 2 temperature distributions were attained In all 
areas except for the secondary mirror support. Due to the heat short through 
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the Interferometer supports temperatures In this ring were higher than anti- 
cipated. More Important, all temperature perturbations which were the source 
of the truss distortions were attained within .55*C (1®F). 

A summary of the measured despace, decenter and tilt of the truss is shown in 
Table 7-8. The deflection of the truss was corrected for both the resistance 
heaters and change in temperature of the interferometer box supports for the 
critical despace condition. In all tests, two axial and two radial temperature 
perturbations the truss distortions were within the design budgets. 
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Figun 7-13. Thermal— Vacuum Test— Setup Schematic 
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Figure 7-14. Thermal • Vacuum Test - Truss Installation in Vacuun' Chimber 
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Figijre 7-16. Thermal— Vacuum Test— Support Rmg Irtstallation 


LN, CCX)LEO LUNAR PLANE 



HARO POINT 
(13 PL) 


HI-BAY FLOOR 

FLOOR ATTACHMENT 
(178 PL) 


TOTAL SEISMIC MASS - 
(ARfROX 1,000.000 LBSl 

40 TO 80 FEET LONG 
W^OOOEN PILES 
(42 PL) 


CHAMBER FLOOR 
1 INCH PLATE 


BASE RING ATTACHMENT 
(40 PU 


H INCH DIAMETER RE-BAR (186 PU 


Figure 7-15. Space Chamber — Schematic 
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Figure 7- 19. Truss in Space Chamber Prior to Test 
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''AOf; v^ t K ' 
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(3 PLACES) 
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:Z SECONDARY 
MIRROR MOUNT 


Figure 7-20. Distortion Measurement Geometry 
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Figure 7-22. Typical Resistant Heater Installation 
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Figure 7-24^ Radial Temparature Perturbation - Control Zones 
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Figure 7-25. Adjustment of Interferometer Pointing Mirrors 
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FIRST SELECTED 
SOAK CONDITION 



RING 1 


r^ING 2 


RING 3 
RING 4 


SECOND SELECTED 
SOAK CONDITION 



AXIAL PERTURBATION 




51.5°C (-eo°F) 

TEMPERATURE °F 

51.1°C i-60®F) 



Figure 7-26L Test Temperature Distributions 
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Figure 7-27. Typical Axial Temperature Perturbation y 
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Figure 7-28. Typical Radial Temperature Perturbation 



WINDOW NUMBER WINDOW NUMBER 


Tilth 7 - 7 . Thm-rmi-Vwcuum Tut-Data Raduction Equationa 


RETROREF LECTOR NO. 3 

e 
® 


® 

® 

® 


A DISTANCE BETWEEN WINDOW AND REFLECTOR 
X.. y, z MOVEMENT OF RETROREFLECTOR FROM ORIGINAL POSITION. 

Now: Sm Fifur* 7-1B 


RETROREFLECTOR NO. 2 

<0.162 BBS 436 X > 0.223 806 361 y > 0.960 882 816 z • C^ 
<0.126 668 766 X > 0.226 146 600 y ^ 0.906 186 046 z - C2 
-0,143 786 773 x 4 0.242 866 326 y ^ 0.969 426 782 z - C3 


<ai63 796 002 X > 0.202 073 174 y ^ 0.986 676 218 z - C^ 
-0.126 279 371 x > 0.203 199 878 y > 0.970 860 000 z - C2 
<0.146086 719x^0.184 188 466 y 4^ 0.972 038401 Z-C3 
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Table 7-8. Thermal— Vacuum Test— Truss Deflection Summary 



10°F Axial perturbation 

lO^F Radial perturbation 

1st 

2nd 

1st 

2nd 

Daspaca (inches) 

Test 

Heater correction 
Support correction 

Total 

Budfet 

0.330 X 10“^ 
1.048 X lO"^ 
-0.156 X 10“^ 

1.222 X 10“^ 
♦2.87 X 10"^ 

1901 X 10“^ 
1.048 X 10“^ 
-1331 X 10"^ 

1.618 X 10“^ 

+2.67 X 10"^' 

-0.464 X 10"^ 
1624 X 10~* 
-0.331 X 10“* 

-0.261 X 10"^ 
+2.67 X 10"^ 

-1778 X 10"^ 
1524 X 10"^ 
-0.196 X 10“^ 

^.449 X 10"^ 

+2.67 X 10*^ 

Decanter (ir>ches) 

Test 

Budptt 

0.303 X 10’^ 
1.33 X 10’^ 

1320 X 10"^ 
1.33 X 10“3 

1.0 X 10"^ 
1.33 X 10'3 

132 X 10’3 
1.33 X 10"^ 

TiK (defTMt) 

Test 

Budfst 

143 X 10'^° 
9.36 X 10"^ 

1.068 X 10"^ 
9.36 X 10”^ 

3.7B3 X 10“^ 
9.36 X 10"^ 

3.289 X 10“^ 
9.36 X 10"^ 


Bud|M adjusted for AT « lO^^F 

Otspaop - aOMin. “ 2.67 x 10“^ 

Deoantar •AOOuin. n0\ * 1.33 x 10*^ 
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TEST - ANALYSES CORRELATION 


Static Test 

The lateral, torsional ar.H axial stiffnesses of the truss were determined 
both analytically and experimentally. The analytical determinations were 
based on a NASTRAN model as described In Section 4.0. The lateral and tor- 
sional stiffnesses were based on deflections obtained when loading the truss 
at Its upper ring In the same manner as loads were Introduced in the static 
test. The axial stiffness was based on deflection obtained when loads were 
applied at the secondary mirror support cylinder. 

A summary of the truss analytical and test deflections are shown in Table 
7-9. The predicted analytical lateral and torsional deflections agreed 
reasonably well with the test data. The axial deflections were highly sensi- 
tive to the motion of the spider assembly. This in turn was very sensitive 
to the joint fixities at the ends of the spider beams. Analysis were per- 
formed in which both ends of the beams were pinned and results showed an un- 
realistic amount of spider assembly movement. Computer runs were made in 
which the large ends of the beams were fixed and the smaller ends were pinned 
and fixed. This change in fixity did not change the axial deflection of the 
truss significantly. Several NASTRAN runs were made to establish the effect 
of the inner spider joint stiffness on the axial deflection of the truss. 

In these analysis the smaller ends of the beams were fixed to the upper truss 
ring. Figure 7-29 summarizes this data. By using the measured axial test 
deflection this data shows a joint stiffness of 0.6%. This stiffness was 
used in the dynamic test analysis. 
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Dynamic Test 

A dynamic analysis was made of the truss. The NASTRAN model used assumed the 
same joint fixity between the spider beams and cylinder as determined In the 
static axial load test (Figure 7-29). All of the other truss joints were 
fixed. A comparison of the analytical results and data obtained from the 
dynamic test Is shown In Table 7-10. As shown, the theoretical results com- 
pared very well with the test data. The critical first mode bonding frequencies 
were within 2X of the actual values. 

Thermal- Vacuum Test 

A NASTRAN analysis was made of the truss to determine the deflections caused 
by temperature change. This analysis used the CTE's of the truss details 
established In the element tests and the fixity of the joint between the 
spider beams and secondary mirror support cylinder that provided a best-fit 
to the static axial load test data. The NASTRAN results were compared to the 
critical thermal-vacuum test results as shown In Table 7-11. In these compari- 
sons the thru-the-thlckness growths at the joints were not Included. Growth 
at the joints drove the base ring of the truss away from the Interferometer. 

The analysis determined the change In length between the truss base ring and 
the center (mld-helght) of the cylinder. Growth due to temperature between 
the center of the cylinder and Its edge where the Interferometer was supported 
drove the Interferometer toward the truss base ring. This growth was equal to 
the thru-the-thlckness joint growths and therefore nullified Its effect. 

In the thermal- vacuum test the truss shortened 14.2 x 10 ^ Inches as a result 
of the 10*F rise In temperature. The analysis predicted a growth of 22.9 x 10 ^ 
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Inches. This error represents a large percentage of the design budget » there- 
fore additional NASTRAN runs were made to establish a better technique for 
modeling the truss and Improving Its performance prediction. In all the 
analysis the three bays of the truss Increased In length approximately 
26 X 10 ^ Inches. This growth was due to the positive CTE's used In the 
analysis. Since they were based on actual test data, we are confident that 
this portion of the analysis Is accurate. This strongly Indicates that the 
overall shortening the truss experienced during test was caused by the flatten 
Ing of the spider assembly as a result of the 10**F change. The amount of 
flattening Is very sensitive to 1) the relative CTE's of the spider beams and 
the upper truss ring which provides the spider assembly support, and 2) the 
degree of fixity of the joint between the spider beams and secondary mirror 
mounting cylinder. 

Several analyses were performed to establish the amount of vertical movement 
of the spider assembly as a function of the CTE of the beams. In these runs 
the fixity of the Joints at the ends of the beams were held constant; fixed 
at the smaller ends and the fixity obtain with the best match in the static 
test (0.58Z) at the larger ends. The initial analysis assumed a CTE based 
on the unidirectional material In the chords being smeared evenly over the 
depth of the beam. This produced a reduction In the height of the spider 
assembly of 19.8 x 10 ^ and an overall truss growth of 17.7 x 10 ^ Inches. 

The beam CTE was then changed to -0.3 ln/in/®F to match the chord CTE. This 
may be more representative of the beam thermal growth characteristics since 
the chords are much stlffer than the webs. The results of this analysis 
reduced the overall truss growth to 5.3 x 10 ^ inches. In this series of 
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analysis the CTE of the beams were changed to an unrealistic CTE of -0.7 In/ 
ln/**F before the analysis results bracketed the test results. A summary of 
this data Is shown In Table 7-12. 

Another series of NASTRAN analysis were performed to determine the sensitivity 
of the vertical movement of the truss as a result of a 10*F change, and as a 
function of the joint stiffness between the spider beams and the secondary 
mirror support cylinder. In these analysis the CTE of the spider beams were 
held constant at 0.049 ln/ln/*F. Figure 7-29 shows that the vertical movement 
caused by an axial load Is highly dependent on this joint stiffness. In the 
area in which the joint stiffness made a best match with the static test data, 
the slope of the curve shown Is very steep and small changes In fixity can 
cause large variations in vertical movement. Analysis showed the same sensi- 
tivity to the joint stiffness existed when the truss temperature was changed. 
When the joint fixity that permitted the best match of the static test was 
used (0. 38Z) the truss grew 22.92 x 10 ^ inches when the temperature was 
changed 10*F. When this stiffness was cut In half to 0.29Z the vertical move- 
ment was cut In half for the same condition. When the joint was changed less 
than one half percent to a pinned design the truss shorted 49.7 x 10 ^ Inches. 
In the thermal vacuum test the truss shortened 14.2 x 10 ^ Inches which Is 
bracketed by the analyses using 0 joint stiffness and 0.29Z joint stiffness. 
With this degree of sensitivity this joint must be well characterized to per- 
mit accurate predictions of the vertical movement of the truss when undergoing 
temperature changes. A summary of the data developed in this study Is shown 
in Table 7-13. 
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The critical truss deflections for the 10*F radial temperature changes were 

decenter and tilt. The decenter analysis was within 11.6 x 10 ^ Inches of 

the results obtained In the thermal vacuum test which is 8.6Z of the design 

-4 

budget. The tilt analysis Is within 1.5 x 10 degrees of the results 
obtained In the truss test. This Is 16% of the design budget. 


AXIAL DEFLECTION 
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Table 7-9. Static Test - Analysis Correlations 


EOl 

number 

Lateral 

cm X 10“^ 

(in.) 



Test 

Analysis 

Test 

Analysis 

Test 

Analysis** 

1 






-138 

(-54.4) 

2 





-138* 

(-64.2) 

-138 

(-64.4) 

Ave. 





(-136) 

(-617) 

(-64.4) 

7 

82.3* 

(32.4) 

98.8 

(38.9) 

21.6* 

(&5) 

21.3 

(a4) 



8 

96.5* 

(3ao) 

98.8 

(3a9) 

-26.7* 

(-ia5) 

-21.3 

(-8.4) 

Ave. 

89.4 

(35.2) 

98.8 

(3a9) 

+24.1 

'(19.6) 

+21.3 

(+a4) 


Adjusted for zero data readings with load actuators connected. 


•* Stiffness of joint between speder cylinder and spader beams were adjusted to provide axial deflection 
nwtch. This joint stiffness is used in modal and thermal distortion analysis. 
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Table 7 - 10. Dynamic Test— Analysis Correlations 


Mode 

Calc, freq (Hz)* 

1 

Meas. freq (Hz) 

— 

Description 

1 

16.5 

16.2 

First bending (Z) 

2 

16.5 

16.2 

First bending (Y) 

3 

29.1 

— 

Longitudinal 

4 

31.9 

28.1 

Ring ovaling 

5 

34.0 

— 

Torsion 

6 

44.2 

39.6 

Second bending (Z) 

7 

44.2 

39.6 

Second bending (Y) 


* Based on NASTRAN nwdel with best agreement to static deflection test results. 
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Table 7-11. Thermal-Vacuum Test-Analysis Correlations 



Condition 



Nastran 

analysis 

1“' OJ 

data 

Despace 
cm X 10"5 
(in. X 10-5) 

10°F Axial 

1 

58.2 

(22.9) 

-j 

-36.1 

(-14.2) 

( 

Oecentsr 
cm X 10"5 

(in. X 10-5) , 

10°F Radial 

n 

j 

138.2 

(54.4) 

167.6 1 

(66.0) 1 

1 

Tilt 

degrees x 10-^ 

10°F Radial 

2.0 

© 3.5 , 

i 


Ave of two tests 

Based on two retrorefJectors 








Table 7-12. Spider Beam CTE Vs Axial Truss Deflection 



Axial nx)vement 
fora AT - 10°F 

Beam CTE 

{p e/°F) 

Spider assy 
cm X 1 0"® 

(in.) 

Total Truss 
cm X 10~® 

(in.) 

-1 ?6 

-126.2 

-37.3 

(-0./) 

(-49.7) 

(-14.7) 

1 r 


-36.1 * 

j Test 



-0.54 

-81.8 

13.5 

(-0 3) 

(-32.2) 

(5.3) 

0.09 (Smeared lam nate 

-50.3 

45.1 

(0.051) CTE) 

(-19.8) 

(17.75) 


Table 7-13. Spicier Beam/Cylinder Joint Stiffness Vs Axial Truss Deflection 



Axial movement 

Joint 

Spider ^ssy 

Total Truss 

stiffness 

cm (in. I X 10"® 

cm (in.) X 10~® 

Rigid joints 

-21.9 

73.4 


(-8.61) 

(28.9) 

•Best fit (0.58%) 

-37.2 

58.2 


(-14.64) 

(22.92) 

% Best fit (0.29%) 

-658 

29.7 


(-25.0) 

(11.7) 

) 



Test 

1 




-219.7 

-126.2 

Pinned 

1-86.5) 

(-49.7) 


+ Growth 
— Shorten 


Best fit w'th static test results 
Beam CTE constant • 0.049 
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CONrLUSIONS AND RECOMMENDATIONS 


Conclufllons 


The results obtained In this program have demonstrated the following: 
o The graphlte/epoxy metering truss concept will successfully perform to 
the requirements of the LST. 

o A graphlte/epoxy metering truss will perform In a predictable manner. 
Accurate characterization of the thermal physical properties and joint 
fixities of the spider assembly Is necessary to obtain Improved analysis/ 
test correlations. 

o The use of resistance heaters and a layer of aluminized mylar on the 

truss assembly during the thermal-vacuum test provided excellent control 
of the structural temperature distributions, 
o Element tests have demonstrated the ability to attain "near zero" CTE 
characteristics In truss details. 

o Element tests highly representative of the assembly details must be 
tested prior to finalizing the design and manufacturing processes, 
o Sophisticated measuring devices and technique^ such as the ase of the 
multi-beam laser Interferometer and linear differential transformer 
extensometers are necessary to provide the measurement resolutions 
needed to show design compliance. 

o The high degree of coimsonallty of detail parts In the truss design pro- 
vides a structure that can be produced In a cost effect manner. The 
simplicity and produclblllty of the one bay assembly tool used In fabri- 
cating the truss was successfully demonstrated. 
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Reconnendat Ions 


The following recommendations are t ade to Improve the performance of the truss 
and/or obtain additional data to ' emonstrate full compliance with LSI 
requirements. 

o Incorporate gusset platfjis In the Joints that pass through a slot In the 
ring webs to eliminate through-the-thlckness thermal growths, 
o Conduct CTE tests on r.yplcal truss joints. 

o Perform design, analysis and test Investigations to improve the dimen- 
sional stability and performance predictability of the secondary mirror 
support structure. 

o Perform element test s to obtain mission environmental response and long- 
term operational ef.ects such as: 

1) Dimensional ch.inge due to moisture content change. 

2) Moisture cycllig effects on properties. 

3) Thermal cycllni; effects on properties. 

o Conduct tests on eai:h of the truss tubes to establish CTE repeatability, 
o Fabricate a graphlb t/epoxy metering truss based on the present LST design 
which utilizes a 2.<i meter diameter primary mirror. Perform static, 
dynamic and thermal- vacuum evaluation tests. Incorporate It In an engi- 
neering model contalniig associated subsystems. Perform dynamic and 
thermal-vacuum tests wlvh this model to obtain Interrelated subsystem 
responses. 
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APPENDIX A 


GRAPHITE /EPOXY METERING TRUSS DAMPING TESTS 

Structural damping measurements were obtained In the first and second bending 
modes during dynamic tests of the graphlte/epoxy metering truss performed 
under Contract NAS8-29825. Because of the extreme sensitivity of the Image 
motion amplitude to structural damping these results were of inmediate inter- 
est for the analysis of Large Telescope performance. In review of the meas- 
urements it was felt that the damping data was high and was Influenced by the 
motion of floor and mounting ring which were monitored during the tests. Since 
structural damping was not the primary objective of the Initial dynamics tests 
It was decided to perform additional truss tests to obtain damping values 
under more controlled conditions. The truss was mounted In a new location 
In which dynamic measurements were made and found to be relatively free of 
background noise. In the new test set-up the adapter fittings attached to 
the base ring of the truss were bonded and bolted directly to the floor. The 
floor In this area consisted of a 3-foot thick reinforced concrete slab. 

Tests were also performed to assess air damping effects. A 2 Inch diameter 
graphite/epoxy tube 36 inches long was used In these tests. 

The results of the truss damping tests and air damping tests are shown In 
Tables A-1 and A-2. Table A-1 glveu th<> struct<«ral damping versus amplitude 
data for six metering truss modes. Table A-2 gives the results of the 
graphite/epoxy specimen tests In the vacuum chamber to 'assess air damping 
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effects. The metering truss test results Indicate that the structural damping 
In the low amplitude range of Interest Is at least 3 times greater than the 
conservative value (g * .001) assumed before test data were available. The 
specimen test results show that air damping Is negligible as expected, so 
that no correction of the metering truss data for air damping Is required. 

Discussion of Results 


The data given In Table A-1 are plotted on semi-log paper In Figure A-1 to 
facilitate examining the structural damping trends over a large amplitude 
range. The lowest amplitudes shown approach the range of critical lmag 2 
motion amplitudes. The .0036 arc seconds of Image motion allocated to vibra- 
tion Is equivalent to approximately .00008 Inches double amplitude lateral 
displacement of the secondary mirror. Extrapolation of the well defined 
trends In Figure A-1 to this amplitude Is not unreasonable, especially In 
view of the relatively flat nature of the curves at low am{)lltudes. 

Figure A-2 shows the minimum measured structural damping for each of the six 
modes plotted versus frequency. The four lowest frequency modes are Identi- 
fied as lateral, axial, or torsion modes. The two higher frequency modes are 
not Identified, since the Instrumentation was not extensive enough to deter- 
mine mode shape. The two higher frequency modes were excited by lateral 
forcing. If we assume they are actually higher order lateral modes, a fairly 
consistent trend of Increasing damping with Increasing frequency Is apparent 
for lateral modes. Similar trends would be expected for axial and torsion 
modes. Based on this assumption, an estimated lower bound on d 'imping versus 
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frequency for all motles was constructed as shown In Figure A-2. The lower 
bound is sufficiently below the data points to allow for extrapolation to 
.00008 Inches double amplitude as well as errors due to scatter in the data. 

The only oata point close to the boundary is the torsion >aode. As shown in 
Figure A-l, this mode shows a very smooth trend with little apparent scatter; 
and the data in this mode extend almost down to ,00008 inches double 
amplitude. 

The graphlte/epoxy specimen test results given in Table A-2 indicate the 
effect of air-damping is negligible. At all three pressures, damping appears 
to increase slightly at very low amplitudes. No explanation for this trend 
has been found. One would expect either no variation or a decrease in damping 
as amplitude decreased. For the present it is assumed that damping is actu- 
ally constant in this amplitude range. The mean and standard deviation of the 
damping data for each pressure condition are tabulated below. The ronpotatlons 
were based on the analyzer data, not decay data. 

Pressure Mean Structural 

mm Hr Damping, g Standard Deviation, o 


755 

.00293 

.00032 

375 

.00300 

.00035 

<10 

.00289 

.00040 


The air-damping predicted by Stokes' theory for the test condition is g ■> 
.00005. The difference of the mean damping in ^Ir and in vacuum from the 
above table is g ■ *00004. This is consistent with the theory but should not 
be taken as an accurate measure since the scatter is large in comparison 
(a - .00032 to .00040). 
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The frequency in the specimen test was above the desired range of 16 to 100 
Hz. The predicted free-free frequency. Including the effect of the shaker 
and accelerometer masses, was 345.7 Hz compared to the measured frequency of 
338 Hz. The specimen was supported by soft springs at the nodes. The maxl-- 
mum transverse velocity ranged from .095 to 1.82 In/sec. This covered the 
same maximum velocity range as that obtained In the 16.56 Hz lateral mode In 
the metering truss test (.094 to 1.74 In/sec) . The air damping forces were 
therefore comparable. 

The mean damping measured In the specimen tests (g:^.0029) Is probably a good 
measure of the material damping for this graphite epoxy material. Other 
structural damping mechanisms such as Joint damping were not present In the 
simple tube specimen, and air damping was shown to be negligible. This tends 
to enhance the confidence In the selection of g ~ .003 for a lower bound on 
structural damping for the metering truss as Indicated In Figure A-2. 


TABLE A-1 


METERING TRUSS STRUCTURAL DAMPING 
TEST DATA SHEET 


MODE 

FREQUENCY 

Hz 

DOUBLE 

AMPLITUDE 

DISPLACEMENT 

INCHES 

STRUCTURAL 

DAMPING 

R 

REMARKS 

First Bending 

16.556 

.0335 

.00396 

Run 19 


16.580 

.0189 

.00407 

Run 15 


16.560 

.0093 

.00408 

Run 16 


16.566 

.0019 

.00386 

Run 18 


16.570 

.0018 

.00368 

Run 17 

Second Bending 

39.506 

.0069 

.00585 

Run 20 


39.513 

.0032 

.00569 

Run 21 


39.519 

.0017 

.00569 

Run 22 


39.519 

.0010 

.00580 

Run 23 

80 Hz 

79.850 

.0044 

.00626 

Run 31 

(Lateral Forcing) 

79.875 

.0024 

.00576 

Run 28 


79.900 

.0015 

.00573 

Run 29 


79.950 

.0008 

.00575 

Run 30 


79.875 

.0005 

.00635 

Run 27 

106 Hz 

105.93 

.0018 

.00660 

Run 42 

(Lateral Forcing) 

106.00 

.0010 

.00755 

Run 41 


106.03 

.0005 

.00660 

Run 43 
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MODE 

FREQUENCY 

Hz 

DOUBLE 

AMPLITUDE 

DISPLACEMENT 

INCHES 

STRUCTURAL 

DAMPING 

R 

REMARKS 

Torsion 

50.900 

.0042 

.00393 

Run 33 


50.888 

.0037 

.00400 

Run 34 


50.881 

.0017 

.00378 

Run 35 


50.900 

.00095 

.00351 

Run 36 


50.913 

.00098 

.00341 

Run 37 


50.913 

.00011 

.00329 

Run 39 

Axial 

28.050 

.01243 

.00870 

Run 45 


28.050 

.00546 

.00744 

Run 44 


28.063 

.00273 

.00713 

Run 46 


28.112 

.00139 

.00667 

Run 47 


28.063 

.00075 

.00686 

Run 48 


28.063 

.00025 

.00646 

Run 49 
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TABLE A-2 


SPECIMEN SECTION STRUCTURAL DAMPING 
TEST DATA SHEET 


FREQUENCY 
MODE Hz 

DOUBLE 

AMPLITUDE 

DISPLACEMENT 

INCHES 

STRUCTURAL 

DAMPING 

R 

CHAMBER 
PRESSURE 
mm Hk 

DAMPING 
(BY DECAY) 
R 

337.50 

.00172 

.00280 

755 

.00237 

337.44 

.00086 

.00280 

755 

.00246 

337.44 

.00043 

.00267 

755 

.00265 

337.50 

.00017 

.00284 

755 

.00319 

337.41 

.00009 

.00356 

755 

.00329 

338.00 

.00009 

.00355 

375 

.00333 

338.13 

.00017 

.00322 

375 

.00324 

338.00 

.00043 

.00290 

375 

.00279 

337.94 

.00086 

.00257 

375 

.00282 

338.00 

.00171 

.00275 

375 

.00239 

338.63 

.00171 

.00266 

<10 

.00227 

338.72 

.00085 

.00233 

<10 

.00243 

338.56 

.00043 

.00295 

<10 

.00268 

338.56 

.00017 

.00354 

<10 

.00297 

338.50 

.00009 

.00295 

<10 

.00286 
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